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PROJECT SUMMARY

This project consisted of detailed seismological analyses of four moderate earthquakes,
together with their associated foreshocks and aftershocks, that occurred in the Utah region
between September 1987 and January 1989. The four earthquakes, including local magnitude
(Mp) and date (UTC), were the following: (1) the M, 4.8 Lakeside earthquake of September
25, 1987; (2) the My, 5.3 San Rafael swell earthquake of August 14, 1988; (3) the M 4.8 Bear
Lake earthquake of November 19, 1988; and (4) the M, 5.4 southern Wasatch Plateau earth-
quake of January 30, 1989. The immediate purpose of these seismological studies was 10
document basic information on the spatial and temporal characteristics of the four earthquake
sequences—and on the location, geometry, and sense of slip of the causative faults. The
broader goal was to gain an improved understanding of the relationship between moderate
earthquakes and geologic structure in Utah, which is required for more reliable assessments of
earthquake hazards in the region.

The studies reported here were carried out using seismological data primarily from the
University of Utah regional seismic network and from portable seismographs deployed by the
University of Utah following each of the four main shocks. Supplementary data for the main
shocks and larger aftershocks were obtained from other seismic networks in the Intermountain
region. For each earthquake sequence, efforts were made to: (1) construct an improved velo-
city model for the epicentral area using sonic logs from nearby oil wells and other informa-
tion, as available, (2) refine the earthquake locations using relative hypocentral location tech-
niques, (3) determine the focal mechanisms for the main shock and larger aftershocks from P-
wave first motions, (4) determine the spatial and temporal characteristics of the earthquake
sequence, and (5) interpret the results in light of available geological and geophysical informa-
tion for the epicentral region.

Important results include the following: (1) Of the four main shocks studied, two (Bear
Lake and southemn Wasatch Plateau) occurred within Utah’s main seismic belt in areas charac-
terized by significant background seismicity, whereas the other two (Lakeside and San Rafael
swell) occurred outside the seismic belt in areas of low prior seismicity. (2) Three of the four
main shocks were preceded by foreshocks (the southem Wasatch Plateau earthquake was the
exception). (3) Not one of the main shocks had a focal mechanism typical of the basin-
range-type normal faulting found throughout Utah's main seismic belt, i.e., normal dip slip on
a plane of moderate dip. (The Lakeside and southem Wasatch Plateau earthquakes had strike-
slip mechanisms, the San Rafael swell earthquake had an oblique-normal-slip mechanism, and
the Bear Lake earthquake had an unusual type of normal-slip mechanism.) (4) None of the
earthquakes studied were associated with a mapped surface fault, with the possible exception of
the 1988 Bear Lake earthquake.
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INTRODUCTION

Project Background

This project originated with a proposal submitted in March 1989 to the Mineral Lease
Special Projects Program of the (then) Utah Geological and Mineral Survey. The proposal
requested partial support for detailed seismological analyses of the following four moderate
earthquakes that occurred in the Utah region between September 1987 and January 1989 (see
Figure I-1 for locations):

(1) the M, (local magnitude) 4.8 Lakeside earthquake of September 25, 1987,
(2) the My 5.3 San Rafael swell earthquake of August 14, 1988;

(3) the M 4.8 Bear Lake earthquake of November 19, 1988; and

(4) the M 5.4 southem Wasatch Plateau earthquake of January 30, 1989.

Special importance was attached to this group of moderate earthquakes because they were the
largest earthquakes to occur in the Utah region since the M 6.0 Pocatello Valley earthquake
near the Utah-Idaho border in 1975.

Following agreement by the Utah Geological and Mineral Survey to fund the proposed
work, the project began in July 1989. The term of the project, originally scheduled for 12
months, was extended to September 30, 1991. Additional support for this work came from the
National Earthquake Hazards Reduction Program through the U.S. Geological Survey.

Purpose and Importance of Project

Moderate earthquakes below the usual threshold size for surface faulting in the Great
Basin, M 6.0-6.5, are a significant source of seismic hazard in Utah. Earthquakes of this type
that have caused considerable damage in Utah include the M 5.7 Cache Valley earthquake of
1962 and two earthquakes of estimated magnitude 6 that occurred near Elsinore in 1921.
Seismic hazard from these moderate earthquakes is poorly understood because most of these
earthquakes appear to occur on buried faults with no clear surface expression. These faults
cannot be easily recognized from observations of the surface geology, and they cannot be stu-
died using standard techniques.

The primary goal of this project was to determine the location, geometry, and sense of
slip of the faults or fault segments that generated the four moderate earthquakes selected for
study. Because none of these earthquakes appears to have caused any surface rupture, this
information can only be obtained using seismological techniques. A secondary goal was to
document the spatial and temporal characteristics of the four earthquake sequences. This work
is part of a long-term effort to gain an improved understanding of the relationship between
moderate earthquakes and geologic structure in Utah. It is hoped that this improved
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Figure I-1. Epicenters of four M > 4.8 earthquakes (stars) that occurred in Utah
between September 1987 and January 1989 Stations of the University of Utah seismic net-
work as of December 31, 1988, are shown as triangles.



understanding will lead to more reliable assessments of seismic hazards in Utah from moderate
earthquakes on buried faults.

General Approach

We analyzed the seismological data for the selected earthquake sequences using, for the
most part, standard techniques. An important subset of the data available for these studies
came from local seismic stations deployed by the University of Utah during all four earthquake
sequences to supplement the University of Utah’s sparse permanent network (Figure 1-1).

Four to five portable seismographs were deployed immediately following each of the four main
shocks and operated for periods of three to fifteen days. In addition, two to four portable
telemetry stations were installed following the Lakeside, San Rafael swell, and souther
Wasatch Plateau earthquakes, and operated for periods of up to six months.

Data from the temporary stations provided much better control on locations of aft-
ershocks, especially focal depths, than could be obtained using data from the permanent net-
work alone. But even with the portable-array data, special efforts were necessary to refine the
spatial resolution of the earthquake hypocenters. For each earthquake sequence, we did the
following work:

(1) construct an appropriate velocity model for the epicentral area using sonic logs from
nearby oil wells and other information, as available;

(2) refine the earthquake locations using relative hypocentral location techniques;

(3) determine the focal mechanisms for the main shock and larger aftershocks from P-wave
first motions;

(4) determine the spatial and temporal characteristics of the earthquake sequence; and

(5) interpret the results in light of available geological and geophysical information for the
epicentral region.

For the most part, this work was successful in meeting the goals of the project. For all
of the main shocks except for Bear Lake, we were able to identify the location. orientation,
sense of slip, and approximate size of the fault break from the focal mechanism and from
planar clustering of aftershock hypocenters. However. the quality of the data varies consider-
ably among the four sequences. The best results that we obtained were for the San Rafael
swell sequence, in large part because of the excellent data from the portable instruments
deployed in the area following the main shock. The deployment of portable instruments to
record the San Rafael swell earthquakes was facilitaed by the abundance of good seismic
recording sites in the epicentral area and by the good summer weather at the time the sequence
began. Comparable efforts were made to deploy instruments in the Lakeside area following
the Lakeside main shock. However, the data obtained were not as good because of the inac-
cessibility of the immediate epicentral area, and because the coverage of the regional seismic
network in this area was (and still is) quite poor (Figure 1-1). Deployment of portable




instruments after the 1988 Bear Lake earthquake and the 1989 southern Wasatch Plateau earth-
quake was hampered by the winter weather conditions in the mountainous terrains where these
shocks occurred. Adequate data were nonetheless obtained for the southem Wasatch Plateau
sequence because the earthquakes were unusually deep and because the permanent stations of
the regional network provided reasonably good azimuthal coverage (Figure I-1). It became
evident to us during this study that with the large station spacing of the regional seismic net-
work in most of Utah, considerable effort must be made to deploy portable instruments during
an earthquake sequence in order to obtain spatial resolution of hypocenters that is sufficient for
seismotectonic interpretation.

Presentation of Results

Our detailed results for the four earthquake sequences selected for study are summarized
in Chapters 1, 2, and 3. Each chapter represents, in effect, a self-contained manuscript, includ-
ing references and an appendix with a listing of relocated hypocenters. Chapter 1 presents
results of our studies of the 1987-1988 Lakeside earthquakes. In Chapter 2 we combine our
analyses of the 1988 San Rafael swell and 1989 Southern Wasatch Plateau earthquakes into a
comparative study of the two earthquakes—both of which occurred in the northwestern part of
the Colorado Plateau in central Utah. Finally, Chapter 3 summarizes details of the 1988 Bear
Lake earthquake.

Generalized Results

Each of the four earthquake sequences studied has distinct characteristics, the details of
which we leave for Chapters 1, 2, and 3. There are, however, some important generalizations
that can be made—useful for guiding the reader’s attention. First, two of the main shocks
occurred within Utah’s main seismic belt in areas characterized by significant background
seismicity, whereas the other two occurred in marginal areas characterized by low prior seismi-
city. Referring to Figure I-1, in which the density of seismograph stations follows the main
seismic belt, the Bear Lake and Southemn Wasatch Plateau earthquakes occurred within the
main seismic belt; the Lakeside and San Rafael swell earthquakes, outside of it. Second, three
of the four main shocks were preceded by foreshocks. The Southemn Wasatch Plateau earth-
quake was the exception. Third, not one of the main shocks had a focal mechanism typical of
basin-range-type normal faulting, i.e., normal dip slip on a plane of moderate dip. Although
only the Lakeside earthquakes occurred in the Basin and Range Province proper, similar nor-
mal faulting extends east of the Basin and Range Province into the regions where the other
earthquakes occurred. Two of the main shocks had strike-slip mechanisms (Lakeside and
southern Wasatch Plateau), one had an oblique-normal-slip mechanism (San Rafael swell), and
one had an unusual type of normal-slip mechanism (Bear Lake). Fourth, none of the earth-
quakes studied were associated with a mapped surface fault, with the possible exception of the
1988 Bear Lake earthquake.




1. SEISMOTECTONICS OF THE 1987-1988 LAKESIDE, UTAH, EARTHQUAKES

ABSTRACT

From September 1987 through March 1988, an earthquake sequence which included
shocks of M; 4.8 and 4.7 on September 25 and October 26, respectively, and a total of 8
events of M| > 3.8, occurred beneath a desert basin west of the Great Salt Lake. Wood-
Anderson seismograms indicate nearly identical magnitudes for the two largest earthquakes but
a factor of two to five larger seismic moment for the first. The shocks were the largest in the
Utah region since an M, 6.0 main shock in 1975. Significant aspects of the 1987-88 sequence
included: foreshock activity, proximity (epicentral distance, A, of 7to 12 km) to a major
pumping facility completed in early 1987 to lower the level of the Great Salt Lake, a strike-slip
focal mechanism for the M; 4.8 main shock, and the lack of a clear association with late
Quaternary surface faults.

Despite constraints on accessibility to the epicentral area, the stations of the regional
seismic network (A = 60 km) were supplemented with local stations—initially four portable
seismographs and later up to four telemetered stations (2 < A < 27 km) that operated continu-
ously from October 7, 1987, through March 1988. Well-located aftershock foci form a 6-km-
square zone between 6 and 12 km depth which is steeply dipping and trends SSE, parallel to
the right-lateral nodal plane of the main shock focal mechanism. Despite coincidental timing
and proximity of the earthquakes to major pumping activity at the surface, the case for
pumping-induced seismicity is weak.

INTRODUCTION

Between September 1987 and March 1988, an earthquake sequence which included eight
shocks of 3.8 < M (local magnitude) < 4.8 occurred beneath the Great Salt Lake desert in
NW Utah, 10 km west of the Great Salt Lake (arrow, Figure 1-1). The two largest earth-
quakes were felt throughout northem Utah and into southern Idaho and eastern Nevada, with
Modified Mercalli intensities of IV to V for the M 4.8 main shock on September 25 and III
for an My 4.7 aftershock on October 26 (U.S. Geological Survey, 1987). These shocks were
the largest to occur in the Utah region since the 1975 M 6.0 Pocatello Valley earthquake near
the Utah-Idaho border (see Arabasz et al., 1981). The earthquakes attracted local attention
because they were located 7 to 12 km WSW of a new 60-million dollar pumping facility built
to reduce flooding along the shores of the Great Salt Lake. On April 10, 1987, the pumps had
begun to pump water from the lake into the Great Salt Lake desert to form the large evaporat-
ing pond known as West Pond (Figure 1-1).
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Fig. 1-1. Epicentral map of magnitude 2.0 and greater earthquakes near the Great Salt
Lake located by the University of Utah from July 1962, when the University's regional seismic
network began operation, through March 1988. The arrow points to the location of the 1987-
1988 Lakeside sequence. Solid upright triangles show permanent stations of the University of
Utah network in March 1988. Inverted open and solid triangles show locations of portable
seismographs and temporary telemetered stations, respectively, installed to supplement the per-
manent network during the sequence. The open square labeled "Pumps” marks the location of
the West Desert Pumping Station. These pumps pumped water from April 10, 1987, through
June 30, 1989, from the Great Salt Lake into the Great Salt Lake Desert, lowering the level of
the Great Salt Lake and creating the artificial lake labeled West Pond. The star labelled SLC
shows the location of downtown Salt Lake City. Solid and dashed lines show surface traces of
late Quaternary faults from the compilation of Arabasz et al. (1987b).



This report presents the results of an aftershock study carried out following the M; 4.8
earthquake, together with focal mechanisms for the main shock and some larger aftershocks.
Our principal conclusion is that the main shock was a right-lateral strike-slip earthquake on a
SSE-striking fault between 6 and 12 km depth.

PRIOR SEISMICITY

The Lakeside earthquakes occurred along the western edge of the Intermountain Seismic
Belt, a broad, diffuse band of seismic activity that trends north-south through central Utah fol-
lowing the eastern boundary of the Basin and Range Province (see Arabasz et al., 1987a,b;
Smith and Arabasz, 1991). Earthquake activity had occurred episodically since at least 1965 in
a broad cluster 10 to 30 km northwest of the 1987-1988 earthquakes. (Figure 1-1; see also
Arabasz et al., 1987a). This activity included an M 4.0 event in February 1967, a swarm of
ten events (1.1 € M; < 3.2) in March and April of 1979, and another swarm of 9 events (1.3 <
M; € 3.1) in April of 1980. The University of Utah instrumental earthquake catalog, which
begins in July 1962, contains only two small seismic events within 10 km of the center of the
1987-1988 activity (41° 12’ N, 113° 10.5" W) prior to September 17, 1987. The first was an
M, (coda magnitude) 2.4 event in 1964 and the second was an M 1.3 event on October 18,
1986. We relocated the second earthquake according to the procedure described below. Our
relocated epicenter is 8 km NE of the center of the 1987-1988 activity.

CHRONOLOGY OF THE SEQUENCE

Figure 1-2 is a plot of magnitude versus time for the Lakeside sequence from September
17 through November 5, 1987. All eight earthquakes of M 2 3.8 occurred in September and
October of 1987. The sequence began with an M; 3.8 foreshock on September 17. No other
events were detected by the University of Utah regional seismic network (Figure 1-1) until
September 25, when three moderate earthquakes occurred within 70 minutes of each other: an
M, 4.1 foreshock, the M 4.8 main shock at 04:27 UTC (10:27 p.m. MDT, September 24),
and an M, 4.3 aftershock. An M 4.7 event followed on October 26. Following the M; 4.7
earthquake, frequent small aftershocks of M < 3.1 continued through March 1988, after which
the rate of aftershock activity declined substantially. The University of Utah Seismograph Sta-
tions located a total of 237 earthquakes in the Lakeside area from September 1987 through
March 1988, including 51 of M 2 2.0. In contrast, only six small earthquakes, two of which
were of M = 2.0, were located in this area from April through December of 1988.

Local magnitudes determined from maximum peak to peak amplitudes on Wood-
Anderson seismographs operated by the University of Utah at Dugway and Salt Lake City,
Utah (using the distance corrections of Richter, 1958) are almost the same for the two largest
earthquakes in the sequence, 4.8 and 4.7. However, the body-wave magnitudes determined by
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Fig. 1-2. Plot of magnitude versus time for the Lakeside earthquake sequence from Sep-
tember 17 through November 5, 1987 (UTC). Magnitudes of the eight MLZ 3.8 events are
labeled. The plot includes all earthquakes in the University of Utah catalog within 15 km of
the center of the activity (42° 12° N, 113° 10.5" W). The sample is believed to be complete
for ML > 2.5 (see Arabasz et al., 1987a. pp. 46-48.)



the U.S. Geological Survey (1987) are 4.7 for the September 25 event and 4.3 for the October
26 event. Examination of the Wood-Anderson seismograms shows that the signal durations
and the average amplitudes for the September 25 event are noticeably larger than those for the
October 26 event (Figure 1-3). Application of a method developed by Bolt and Herraiz (1983)
to estimate seismic moment from Wood-Anderson seismograms yields moments of 3.8 x 103
dyne-cm and 1.3x10% dyne-cm for the September 25 and October 26 shocks, respectively.
Comparing moment estimates from each Wood-Anderson station separately, the measurements
from the Dugway records indicate a factor of 4.7 higher moment for the first event compared
to the second, whereas the measurements from the Salt Lake City records indicate a factor of
2.4 difference. Thus, despite the similar local magnitudes, it appears that the September 25
earthquake was clearly the larger of the two, and that the October 26 earthquake can be con-
sidered an aftershock.

EARTHQUAKE LOCATIONS

Deployment of Portable Instruments

When the Lakeside sequence began, the closest seismograph station was a permanent sta-
tion of the University of Utah seismograph network located 60 km to the southeast (Figure 1-
1). Access to the epicentral area was difficult because of the lack of roads and because the
earthquakes occurred at the northern end of the Hill Air Force Range, which is used for train-
ing and munitions testing. Nevertheless, University of Utah personnel supplemented the sta-
tions of the permanent network with temporary local stations beginning on September 26, the
day after the M 4.8 earthquake (Table 1-1). Initially these consisted of four portable seismo-
graphs with smoked-paper recorders (open inverted triangles, Figure 1-1). Subsequently, these
were replaced by four portable telemetry stations (solid inverted triangles, Figure 1-1), includ-
ing one located at an epicentral distance of 2 10 6 km from the activity and that was installed
by helicopter on October 29 following the M 4.7 earthquake. The portable telemetry stations
were operated until August 16, 1988, although there were intermittent station failures after late
March 1988. The seismometers at all of the temporary stations were high-gain, short-period,
vertical-component velocity sensors.

Location Procedure

We relocated the Lakeside earthquakes with the computer program HYPOINVERSE
(Klein, 1978) and P-wave arrival times from the eight temporary stations (generally four at any
one time) plus 13 selected permanent stations located at epicentral distances of less than 125
km (Table 1-1). The velocity model used for the locations (the Wasatch Front model in Table
1-2) is a modified version of model B of Keller et al..(1975), taken from Bjarnason and Pech-
mann (1989). Because some of the most distant stations were important for azimuthal control,
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TABLE 1 -1

STATIONS USED FOR RELOCATIONS OF THE LAKESIDE EARTHQUAKE SEQUENCE

Typet Latitude Longitude Elevation Station

Name N W (m) Correction
(sec)
ERUT P 1309 -11 10-29 03:42 3-26  20:34
HRUT P 1408 -.09 10-07 00:50 3-26  20:34
HOGS M 1414 .00 9-26 00:28 0-07 01:39
NFUT P 1378 -02 10-07 00:50 3-26  20:34
NNFU M 1289 -18 9-26 06:55 0-07 01:39
SJRU M 1292 -.05 9-26 06:55 0-07 01:39
GvVuT P 1530 +.04 10-07 00:50 3-26 20:34
GRML M 1493 +.08 9-28 00:28 0-07 01:39
SNUT R 40°53.14° 112°30.54" 1652 +.19 9-17 08:31 326  20:34
EPU R 41°23.49 112°2453 1436 +.11 9-17 08:31 3-26 01:00
HVU R 41°46.78 112°46.50" 1609 +.17 9-17 08:31 3-26  20:34
ANU R 41°02.38" 112°13.90° 1353 -.06 9-17 08:31 3-02  02:29
CpPU R 40° 40.34° 112°11.78" 2377 -4 9-17 08:31 3-21  07:24
GZU R 111° 58.50° 2646 -.12 9-17 08:31 3-26 01:00
PTU R 112° 19.48° 2192 -.04 9-17 08:31 3-21 07:24
MOU1T R 111° 52.73° 2743 -.07 9-17 08:31 3-21 07:24
wWVvVUl R 111° 57.55° 1828 +.05 9-17 08:31 3-21  07:24
FPU R 111° 50.21" 2816 -.19 9-17 08:31 3-02 02:03
DUG R 112°48.80° 1477 +.19 9-17 08:31 3-02  02:03
NPI R 112° 31.10° 1640 +.01 9-17 08:31 3-02  02:03
Ccwu R 112° 06.13° 1945 -4 9-17 08:31 3-21 07:24

tR= UUSS regional network, M= microearthquake recorder, P= portable telemetry
*From September 17, 1987, through March 31, 1988



TABLE 1 - 2

LAKESIDE VELOCITY MODELS

Region P-Wave Velocity  Depth to Top of
(km/sec) Layer (km)*
Wasatch Front 34 0.0
5.9 1.5
6.4 17.1
15 28.0
7.9 42.0
Colorado Plateau 34 0.0
59 1.5
6.2 17.1
6.8 217.5
7.9 42.0
Southeast Idaho 34 0.0
59 1.5
6.8 17.1
7.9 42.0

*Datum is 1500 m above sea level

1)



we chose not to apply any distance weighting to the data. We did not use any S-wave arrival
times for our relocations because there were no horizontal-component records from nearby sta-
tions to provide reliable S-wave data.

Initial epicentral locations for nearly all of the events that occurred before the installation
of the portable instruments scattered to the east of the epicenters for the later events. This
observation suggested that the earlier events were being systematically mislocated because of
the poor azimuthal distribution of stations (Figure 1-1) and an inadequate velocity model. In
an attempt to alleviate this problem, we used an inversion program written by Walter C. Nagy
at the University of Utah to solve simultaneously for station delays for the 21 stations in Table
1-1, the velocity of the second layer of the model, and for hypocenters of 170 Lakeside earth-
quakes which had reasonably good preliminary locations. Both this program and the version
of HYPOINVERSE that we used took the elevation differences of the stations into account in
calculating the travel times. Velocity inversion was attempted only for the second layer of the
model because this layer contains all of the hypocenters for the events used in the inversion,
and the ray paths from these hypocenters to the 21 stations lie primarily within this layer. The
velocity of the second layer remained within 0.06 km/sec of the starting value of 5.9 km/sec.
Because the velocity did not change very much, and because it is questionable whether or not
the data are of sufficiently good quality for a velocity inversion, we decided to hold the velo-
city model fixed and solve only for station delays and hypocenters. Tests showed that the sta-
tion delays computed by the program were not very sensitive to the parameters of the inver-
sion.

After determining the station delays, we used them with the program HYPOINVERSE to
relocate all of the Lakeside eartiquakes, starting from a trial hypocenter at 9 km depth at the
center of the activity. Even when using the station delays, we found it advantageous to fix the
focal depths of the 26 earthquakes that were recorded before the portable instruments were
installed. Otherwise, the locations for these events suffered from an unconstrained tradeoff
between focal depth and epicentral location. The focal depths of the first 26 earthquakes were
fixed to 12 km if the magnitude was 3.8 or greater and to 9 km if the magnitude was smaller.
Use of the station delays reduced the median root-mean-square of the weighted travel time resi-
duals from 0.13 sec to 0.11 sec for the 221 earthquakes in 1987 and 1988 that we relocated.

HYPOCENTRAL DISTRIBUTION

Figure 1-4 shows epicenters of 221 Lakeside earthquakes that occurred from September
1987 through March 1988 (see the Appendix for a listing). The sample includes all but 16 of
the 237 earthquakes that occurred during this time period in the area shown and were large
enough to trigger the centralized digital recording system of the regional seismic network. The
other 16 earthquakes are not included because they have less than five measured P-wave arrival
times or azimuthal gaps between stations of more than 300°.

13



"'”“'”""““"”‘h/,v MABNITUOES

b
1 3}
KUITENN Hogup Mtns

o 0 ¢
o 2 0¢
GREAT SALT LAKE DESERT

[e] 3.0¢
o 4 0+
O =

Sout

NJ‘:":CIHQ
Cau.eway
WEST
POND

10 KM

Fig. 1-4. Relocated epicenters for 221 Lakeside earthquakes that occurred from Sep-
tember 1987 through March 1988. Circles indicate earthquakes that occurred after the first
portable stations were installed on September 26, and squares indicate earlier events for which
we fixed the focal depths. Symbol sizes are scaled by magnitude as shown. The triangles
show the locations of the four portable telemetry stations that were installed in October (Table
1-1). The shoreline of the Great Salt Lake is shown at its approximate location in late 1984.
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Most of the earthquakes in Figure 1-4 concentrate within a SSE-trending zone that is 6
km long. About half of the epicenters of the early events with fixed focal depths (squares)
scatter to the east of this zone, but the scatter is less than when no station delays are used.
The epicentral pattern is similar but better-defined on Figure 1-5, which shows 154 of the
best-located earthquakes from Figure 1-4. The selection criteria were: (1) distance to the
nearest station equal to 15 km or less, (2) maximum azimuthal gap between stations of 180°,
(3) minimum of six arrival times used for the location, and (4) maximum horizontal and verti-
cal standard errors of 1.5 km. These criteria unfortunately exclude the September 17
foreshock, the September 25 main shock, and aftershocks that occurred during the first day fol-
lowing the main shock. Cross sections along line A-A’ on Figure 1-5 show that the aft-
ershocks concentrate between 6 and 12 km depth (Figure 1-6). The hypocenters of all three
well-located earthquakes of My, 2 4 lie in the bottom third of this depth range. The aftershock
zone appears to have a dip greater than 65°, and perhaps near vertical, but the direction of dip
is not clear from Figure 1-6.

A space-time plot of the earthquakes located in this study shows the epicenters of the
main shock and its two recorded foreshocks to be near the center of the aftershock zone (Fig-
ure 1-7). This observation weakly suggests bilateral rupture, but is not definitive because of
the poor quality of the locations of the earliest events. The epicenter of the largest aftershock
is at the southeastern end of the aftershock zone. Most of the other aftershocks in late October
are within 2 km of this M; 4.7 event. There are no resolvable changes in focal depths with
time.

FOCAL MECHANISMS

We attempted to determine focal mechanisms from P-wave first motions for all eight
earthquakes in the Lakeside sequence of M 2 3.8. Because these earthquakes occurred on the
western edge of the University of Utah seismic network, we augmented the data from this net-
work, when possible, with data from seismograph stations in Nevada, Idaho, and Washington.
Takeoff angles for the first-arriving P waves were calculated using the relocated hypocenters
and three different one-dimensional velocity models for stations located in different regions
(Table 1-2). These velocity models and the accuracy of the takeoff angles computed from
them are discussed in Bjamason and Pechmann (1989).

Only the focal mechanism for the My, 4.8 main shock is well constrained by the available
data (Figure 1-8). The main shock focal mechanism indicates right-lateral strike-slip motion on
a SSE-striking fault that dips steeply to the SW or, altematively, left-lateral strike-slip motion
on a nearly vertical fault that strikes ENE. This focal mechanism is fortunately not very sensi-
tive to focal depth which, as explained above, is poorly controlled due to the lack of nearby
stations and was fixed at 12 km. The SSE trend of the aftershock zone is parallel to the right-
lateral nodal plane of the focal mechanism, suggesting that this nodal plane is the fault plane.
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Fig. 1-5. Map view of 154 well-located Lakeside aftershocks that occurred from Sep-
tember 26, 1987, through March 21, 1988. See text for selection criteria. The two closest
portable telemetry stations are shown as inverted triangles. The line A-A’ shows the direction
of the cross sections in Figure 1-6, and is taken perpendicular to the preferred nodal plane of
the main shock focal mechanism (Figure 1-8).
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Fig. 1-6. Hypocentral cross sections with no vertical exaggeration along line A-A” in
Figure 1-5. The cross section on the left includes all of the earthquakes from Figure 1-5. The
cross section on the right includes only those earthquakes from Figure 1-5 for which the dis-
tance to the nearest station used in the location, DMIN, is less than 6 km. Note that the hypo-
central distribution is similar on both cross sections. Circle sizes are scaled by magnitude as in
Figure 1-5.
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Fig. 1-7. Space-time plot of the 221 relocated epicenters for the Lakeside earthquakes
shown on Figure 1-4. The space coordinate is the distance NNW along the strike of the
inferred fault plane, i.c., along a line perpendicular o line A-A’ on Figure 1-5. Squares and
circles as in Figure 14.
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Fig. 1-8. The four best-constrained focal mechanisms that we determined for earthquakes
in the Lakeside sequence, including the main shock (upper left) and largest aftershock (lower
right). The date, magnitude (M), and depth (H) are given for each earthquake. P-wave first
motions are plotted on a lower-hemisphere projection, with compressions shown as solid cir-
cles and dilatations as open circles. Smaller circles indicate readings of lower confidence. The
triangles show slip vectors and P and T axes for the solutions shown by the solid nodal planes.
The dashed nodal planes show representative altemnative solutions. Based on the aftershock
distribution (Figures 14 to 1-6), the SSE-striking nodal plane of the main shock focal mechan-

ism is the probable fault plane.



The strike, dip, and rake of this nodal plane are 153° + 4°, 78° £ 10°, and -174° * 8°, respec-
tively (following the sign convention for rake angle of Aki and Richards, 1980, p. 106).

The first motion data for the largest aftershock (Figure 1-8, lower right) is compatible
with two different possible focal mechanisms: a strike-slip solution similar to that of the main
shock (solid nodal planes) or else normal slip on a fault plane that dips moderately to either the
W or to the ESE (dashed nodal planes). The focal mechanisms for the other six M, 2 3.8
earthquakes are less well constrained. The first motion data for these events show some varia-
bility from one event to another, but in all cases can be fit by solutions showing right-lateral
strike-slip faulting on a SE- to SSE-striking plane, or normal or oblique-normal faulting on SE-
to SW-striking planes (Figure 1-8). The tension (T) axes of the focal mechanisms for the main
shock and the largest aftershock have shallow plunges and trend ESE-WNW. The T axes for
the rest of the focal mechanisms are constrained by the data to have moderate to shallow
plunges and trends between NE-SW and SE-NW.

DISCUSSION

Taken together, the focal mechanism for the main shock and the distribution of its aft-
ershocks imply that the My 4.8 Lakeside earthquake involved right-lateral strike-slip motion on
a fault striking SSE and dipping steeply (>65°) WSW. From the dimensions of the aftershock
zone (Figures 1-5 and 1-6), we infer that slip occurred between 6 and 12 km depth on an
approximately 6-km-square section of the fault. The earthquake occurred beneath the middle
of a broad saline mud flat between the Newfoundland and Lakeside mountains (Figure 1-4),
where no strike-slip faults have been mapped. However, the area in question has been covered
by the Great Salt Lake at least twice within the last 3,000 years (Currey et al., 1984) so it is
possible that evidence of late Quaternary faulting could have been obliterated due to fluctua-
tions in the level of the lake.

Focal mechanisms for most small to moderate-size earthquakes in the Wasatch Front
region show predominantly normal faulting. However, some strike-slip and oblique-slip focal
mechanisms are also observed, particularly in the southern Wasatch Front area (Arabasz and
Julander, 1986; Jones, 1987; Bjamnason and Pechmann, 1989). The ESE-WNW-trending T
axes of the focal mechanisms for the two largest Lakeside earthquakes (Figure 1-8) are typical
of Wasatch Front earthquakes (Bjarnason and Pechmann, 1989; Patton and Zandt, 1991).

It is well known that impoundment of reservoirs behind high dams occasionally triggers
increased seismic activity (e.g., Simpson, 1986). The occurrence of the Lakeside earthquakes
in close proximity to the West Desert Pumping Stations, and only five months after the pumps
began operating, raises the question of whether or not the earthquakes might have been induced
by the pumping. Although we cannot rule out this possibility, it seems unlikely for three rea-
sons. First, in light of the previous earthquake activity of M < 4.0 that occurred within 30
km of the 1987-1988 Lakeside earthquakes, the latter earthquakes, although of larger magni-
tude, cannot be considered unusual. Secondly, few if any of the 1987-1988 earthquakes
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occurred at depths shallower than 6 km (Figure 1-6); if the earthquakes were being triggered
by redistribution of water at the surface, focal depths shallower than those observed would be
expected (Simpson et al., 1988). Finally, the average depth of West Pond when full was only
2.5 feet and the maximum depth was only 7 feet (Ben Everitt, Utah Division of Water
Resources, written communication, 1987). In comparison, the level of the Great Salt Lake rose
0.5 feet from 1963 to 1986, with 12.2 feet of this increase occurring between 1982 and 1986
(Stephens and Amow, 1987). The elevation of the lake peaked at 4211.85 feet in June 1986
and in April 1987 (Stephens and Amow, 1987; Mabey, 1987). The lake level declined after
April 1987, in part due to the pumping but primarily because of decreased precipitation
(Mabey, 1987). Thus, overall the changes in surface loads caused by the rapid rise of the
Great Salt Lake between 1982 and 1986 were much larger than those caused by the subsequent
pumping project. The changes in hydrology caused by the rise of the lake would also be
expected to be much greater than those caused by the pumping, although the possibility of
some critical local changes induced by the pumping cannot be totally excluded. Whether or
not the rapid rise of the Great Salt Lake during the years preceding the Lakeside earthquakes
had any causal effect is a separate question—and one that cannot be answered without further
study.

CONCLUSIONS

1. The 1987 M, 4.8 Lakeside earthquake involved right-lateral strike-slip motion on a
buried fault dipping steeply to the WSW beneath a lacustrine basin W of the Great Salt Lake.

7 From the aftershock distribution, we infer that the 1987-1988 Lakeside earthquakes
broke a 6-km-square segment of the fault over a depth range of 6 to 12 km.

3. Foreshocks of M 3.8 and 4.1 occurred eight days and 18 minutes, respectively,
before the Lakeside main shock. Prior to these foreshocks, there had been very little
instrumentally-recorded seismicity in the immediate epicentral area.

4. There is no compelling evidence that the 1987-1988 Lakeside earthquakes were
related to the West Desert Pumping project.
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APPENDIX

This appendix contains a listing of the relocated hypocenters determined in this study for
earthquakes associated with the September 25, 1987, ML 4.8 Lakeside earthquake. This listing
includes all earthquakes in the University of Utah catalog for the time period September 1,
1986, through March 31, 1988 (Nava et al., 1990), which (1) had epicenters within 15 km of
the center of the 1987-1988 activity (42° 12’ N, 113° 10.5" W), (2) had at least five P-wave
arrival time picks, and (3) had a maximum azimuthal gap between stations of 300°. The relo-
cations were done with the computer program HYPOINVERSE (Klein, 1978) using P-wave
arrival times only, the stations and station corrections in Table 1-1, the velocity model in Table
1-2, elevation corrections calculated using the top layer velocity of 3.4 km/sec, and a trial
hypocenter of 41° 12.0' N, 113° 10.5" W, 9.0 km depth. The focal depths of the first 26 earth-
quakes were unconstrained because the distance to the nearest station was 60 km or more.
Depending on magnitude, these depths were fixed to either 9 km (M < 3.8) or 12 km (M 2
3.8). See text for further explanation.

The following data are listed for each earthquake:

° Year (YR), date and origin time in Universal Coordinated Time (UTC). Subtract seven
hours to convert to Mountain Standard Time (MST) and six hours to convert to Mountain
Daylight Time (MDT).

e  Earthquake location coordinates in degrees and minutes of north latitude and west longi-
tude, and depth in kilometers. "#" indicates fixed depth. "*" indicates poor depth resolu-
tion: no recording stations within 10 km or twice the depth.

° MAG, the computed local magnitude (ML) for each earthquake. "W" indicates magnitude
based on peak amplitude measurements from Wood-Anderson records. Otherwise, the
estimate is calculated from signal durations and is more correctly identified as coda mag-
nitude, Mc.

° NO, the number of P readings used in the solution.

. GAP, the largest azimuthal separation in degrees between recording stations used in the
solution.

. DMN, the epicentral distance in kilometers to the closest station used in the solution.

e RMS, the root-mean-square of the travel-time residuals in seconds:
( 1

g

T |Wi

1
where: R, is the observed minus the computed arrival time for the i-th reading, and W; is

the relative weight given to the i-th arrival time (0.0 for no weight through 1.0 for full
weight).

n
2

25
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yr  date  origin time latitude longitude depth mag no gap  dmin ms .
0.21:

Lakeside, Utah, Earthquake Sequence

86 1018 44 1849 41° 1591 113° 7.73 9.0# 1.3 10 220 62

87 917 831 26.00 41° 1223 113° 1049’ 1204 3.8W 13 223 66 0.13.
87 925 409 5397 41° 1289 113° 1003 1204 41W 13 222 66 0.11:
87 925 427 5752 41° 1224 113 1088’ 1204 48w 13 223 67 0.12°
87 925 449 31.07 41° 1228  113° 11.04 9.04 2.2 12 223 67 0.20:
87 925 453 58.85 41° 12.85" 113° 10.75 9.0# 1.3 10 237 67 0.20.
87 925 518 1490 41° 1197 113° 572 1204 43W 12 247 60 0.21
87 925 536 3347 41° 11.81" 113° 1021 9.0# 1.6 12 222 65 0.19
87 925 603 48.19 41° 12517 113° 9.7¢' 9.0# 1.5 13 221 66 022
87 925 610 39.58 41° 1153 113° 8.61 9.0# 1.4 12 220 63 017
87 925 633 5525 41° 1333 113° 10.75 904 2.0 11 224 67 013
87 925 713 48.63 41° 12177 113° 13.67 9.04# 2.0 12 227 70 0.15
87 925 721 1672 41° 1289 113° 7.62° 9.0# 1.4 9 234 63 0.14
87 925 739 3033 41° 1194 113° 9.55' 90# 22w 13 221 65 0.14
87 925 748 4030 41° 1244°  113° 9.02 9.0# 1.5 11 221 65 024
87 925 839 905 41°12.06° 113° 1173 0.0# 1.5 13 225 67 0.18
87 925 840 50.19 41° 11.85" 113° 10.54' 9.0# 1.4 8 266 66  0.09
87 925 1028 1.17 41° 12.56' 113° 6.08 9.0# 1.6 12 216 61 0.25
87 925 1413 13.12  41° 11.92 113° 10.69’ 9.0# 2.0 11 223 66  0.11
87 925 1512 2.55 41° 12,65 113° 1042’ 90# 23W 13 223 66 0.20
87 925 1651 55.56 41° 12.62 113° 9.17 9.0# 1.2 11 221 65 032
87 925 1735 39.16  41° 1240 113° 8.68 9.0# L5 12 219 64 026
87 925 1810 43.77 41° 135V 113° 11.58 9.0# 1.6 11 224 68 022
87 925 1818 23.96 41° 13.67 113° 8.26 9.0# 1.1 8 273 64 022
87 925 2100 45.55 41° 10.72 113° 6.94' 9.0# 1.4 12 217 60 0.17%
87 926 28 198 41° 1194 113° 873 1204 40w 12 220 6 0.17
87 926 655 46.46 41° 1283 113° 11.000 10.6 23W 15 87 13 0.15
87 926 1018 17.30  41° 12.63’ 113° 10.70 99 1.8 14 86 14 0.14
87 926 1447 4923  41° 12.02 113° 10.58" 12.1 3.W 15 87 14 0.1l
87 926 2314 39.37 41° 12.81 113° 10.88" 10.2 29W 15 86 13 0.1
87 926 2328 38.58 41° 12.59 113° 10.72" 100 1.9 14 86 14 022
87 927 1634 59.06 41° 11.92 113° 9.55 8.8* 1.8 14 165 24 0.25
87 928 28 24.84 41° 12.56¢° 113° 10.34 7.8 1.6 16 86 g8 0.18
87 928 606 52.05 41° 1346° 113° 10.65° 119 40W 16 93 8 009
87 928 1422 4563 41° 11.64 113° 1108 11.6 2.0 16 92 10 0.4
87 928 2010 1927 41° 11.8% 113° 10.30 8.9 1.9 16 86 8 017
87 928 2032 2223 41° 12.1¥ 113° 10.44 8.1 2.1 15 97 g 0.14
87 930 35 3241 41° 1155 113° 981 8.8 1.3 12 140 16 0.18
87 930 1957 42.56 41° 1117 113° 100" 102 2.1W 16 86 9 0.19
87 1001 916 31.07 41° 1241 113° 10.777 104 3.6W 17 87 9 019
87 1001 1614 4356 41° 12300 113° 1061 100 2.1 17 86 9 0.1
87 1001 1656 4.54 41° 12.26° 113° 10.26' 79 1.6 15 85 8§ 0.1
87 1001 1700 17.55 41° 12.11°  113° 1090 109 2.0 17 88 9 o010
87 1003 2033 58.54 41° 12.88°  113° 9.58 8.4 1.2 12 132 15 02l
87 1005 26 41.02 41° 13.600 113° 1117 5.5 1.1 13 92 9 0.8




yr
87
87
87
87
87

87
87
87
87
87

87
87
87

87

87
87
87
87
87

87
87
87
87
87

87
87
87
87
87

87
87
87
87
87

87
87
87
87
87

87
87
87
87
87

date

1005
1005
1005
1006
1006

1007
1007
1008
1009
1010

1015
1015
1015
1016
1020

1023
1023
1023
1023
1023

1023
1024
1024
1024
1024

1025
1025
1025
1025
1026

1026
1026
1026
1026
1026

1026
1026
1027
1027
1028

1028
1028
1029
1029
1029

origin time

1031
1250
2130

444
1402

50
139
1907
1044
505

230
845
1823
1741
339

553
1944
2014
2039
2325

2342
24
151
649
1451

435
811
1043
1317
416

432
539
824
1145
1908

1931
2007
223
708
434

1730
2303
251
342
1412

293
43.71
12.88
25.59

7.40

10.02
25.34
1042

8.91
29.81

16.92
2.31
42.95
7.76
32.80

59.84
50.32
39.69
38.44
22.92

19.89
32.82
36.90
16.31
55.39

22.67
27.65
2.60
44.35
0.85

34.25
13.83
17.46

1.61
27.88

8.58
13.48
37.06
44.52
28.58

16.06
52.22
50.19
21.56
18.39

Lakeside, Utah, Earthquake Sequence
latitude

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
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41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°
41°
41°
41°
41°
41°

11.98
12.02
13.17
12.14
11.97

12.7¢
11.98
10.92
12.04
12.79’

11.84
11.91
11.8V
12.06
11.31

13.77
11.98’
11.70
11.45
11.28

12.77
12.88"
11.55
11.59
11.35

11.14
11.64
11.33
11.74
10.90’

12,71
11.7%
11.16'
11.64'
10.63"

12.88’
11.52
11.31°
11.68’
11.85

12.46°
11.30
11.35
11.58
11.85°

longitude

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

10.34’
11.65°
13.00
11.27
1043

12.50
10.81

9.02
10.55’
11.52°

9.56'
10.78’
11.35°
12.03’
1141

16.47
10.05°
10.48°
11.16
10.3¢’

11.94
11.65
1048’
10.62
10.66

10.88’
10.70
10.52
10.77
10.49

11.12

9.93%
10.03’
10.46
11.08

11.12
1045’
10.17
10.66
10.58"

11.05’
10.13°
10.79
10.86
10.13°

depth

10.3
94,
9.5
9.6
5.1

94
10.6
10.2*

8.3

8.6

9.1
10.6
8.3
9.9
11.7

214
10.7

9.3
11.7
11.1

9.2
10.0
11.1

94
10.9
11.0
103
10.8
114
10.2

10.0

2.0
11.0
10.5
124

10.0
8.6
9.5

10.1
8.9

10.7
9.8
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10.6
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17
13
16
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13
18

10

13
15
11
13
12

12
13
13
13
12
11
14
12
14
14

14
14

14

14
11

10

10

14
14
11
14
12

8ap
87
94
98
92
87

133

81
220
165
183

120
122
135
125
117

179
121
133
118
116

146
132
119
132
117

115
133
116
120
113

130
133
115
133
113

131
132
116
133
135

127
116
117
119
134

dmin

o VWOV

—

p—

27

0.12
0.09
0.19
0.16
0.16

0.06
0.13
0.09
0.17
0.01
0.29
0.18
0.12
0.08
0.16

0.39
0.10
0.02
0.12
0.11

0.06
0.13
0.09
0.05
0.11
0.17
0.07
0.11
0.11
0.31

0.11
0.12
0.05
0.03
0.18

0.24
0.02
0.20
0.18
0.06

0.16
0.16
0.13
0.12
0.05



Lakeside, Utah, Earthquake Sequence '

yr  date  origin time latitude longitude depth ~mag no gap dmin  rms
87 1029 1843 59.71  41° 114¥% 113° 1045 105 1.2 6 154 3 003
87 1029 2120 50.79 41° 11.86° 113° 1085 8.7 1.0 6 163 3 016
87 1030 807 36.07 41° 1093  113° 1072 116 1.6 15 113 3 021
87 1030 1017 50.83  41° 11.3% 113° 9.8 9.9 1.6 13 116 4 0.16
87 1030 1225 3944 41° 1139 113° 1030 9.9 1.4 7 152 3 005
87 1030 1846 2590 41° 1175 113° 10.06° 12.7 09 5 157 4 007
87 1030 1906 33.94 41° 1105 113° 10.68° 120 1.6 15 114 3 013
87 1031 211 56.10 41° 1155 113° 10.32° 102 1.2 6 155 3 001
87 1031 354 55.90 41° 12.14" 113° 11.64’ 7.3 1.6 g8 139 3 004
87 1031 358 27.88 41° 1147 113° 11.67 1.3* 13 6 158 10 012
87 1031 722 247 41° 1126’ 113° 1145 112 1.5 13 117 2 014
87 1101 835 51.52 41° 1220 113° 1174’ w2 1.4 7 139 3 004
§7 1101 1037 2041 41° 1187 113° 1041 10.6 0.6 6 161 3 002
87 1101 1431 2397 41° 12.10/ 113° 10.68° 10.5 1.4 9 137 3 0.13
87 1101 2132 493  41° 13.05 113° 11.9% 9.1 1.5 12 148 4 009
87 1102 1217 481 41° 1199 113° 10.85 8.6 0.9 6 166 3 002
87 1102 1225 3130 41° 12.27 113° 10300 12.1 0.9 6 168 4 005
87 1103 600 57.14 41° 1145  113° 10.82 7.7 1.3 10 131 3 014
87 1103 846 S5.89 41° 12000 113° 10.84° 8.5 1.2 7 137 3 002
g7 1103 1138 13.15 41° 11.3Y 113° 1049 102 0.9 6 151 3 010
87 1103 1201 32.05 41° 11.64 113° 10.44' 8.9 0.8 6 157 3 004
87 1103 1658 19.37 41° 11.72 113° 10.55 9.5 1.5 10 120 3 007
87 1103 1834 631 41° 11.80° 113° 10.26 8.4 1.6 9 134 4 004
87 1103 2236 32.59 41° 1174 113° 11.65° 6.9 1.1 8§ 122 2 0.05
87 1105 1035 8.53 41° 1235 113° 10.3%’ 9.1 1.1 7 12§ 4 0.04
87 1106 302 40.19 41° 1226’ 113° 1091 107 20w 10 125 3 009
87 1106 411 16.12 41° 12000 113° 10.52" 105 0.8 7 122 3 009
87 1106 503 2344 41° 10877 113° 104V 1.5 0.7 6 114 3 006
87 1106 1259 10.83 41° 11.67 113° 10.8% 9.2 0.6 7 120 3 009
§7 1106 1259 21.60 41° 122V 113° 11.41°  10.1 1.4 12 126 3 0.15
87 1106 1452 13.82 41° 12.7% 113° 11.44° 79 0.9 7 131 4 017
87 1106 2108 2594 41° 11.7% 113° 10.79 103 0.9 7 120 3 005
87 1107 1752 3404 41° 1325 113° 11.94° 102 27W 12 137 4 0.12
87 1108 103 52.55 41° 1297 113° 11.87 9.8 2.0 12 133 4 0.10
87 1108 2308 3.16 41° 11.6% 113° 10.63° 108 24W 16 120 3 012
87 1109 934 2898 41° 11.64° 113° 10.18" 106 0.7 7 118 4 010
87 1110 425 19.66 41° 1239 113° 1043 9.0 1.8 8 126 4 004
87 1110 758 37.85 41° 1125  113° 10.65’ 8.9 1.0 7 115 3 007
87 1111 1422 9.09 41° 11.87° 113° 10.76' 9.5 1.5 10 122 3 0.1l
87 1112 1029 33.72 41° 11.90° 113° 10.76¢' 100 2.0 15 122 3  0.15
87 1112 2216 3596 41° 1091" 113° 997 8.2 1.0 7 113 4 0.05
87 1114 1244 3534 41° 1145 113° 1053 89 1.5 6 117 3 006
§7 1114 1619 32,58 41° 1251 113° 11.60 9.6 1.1 7 129 3 0.5
87 1115 953 37.58 41° 13.61° 113° 1212 8.6 1.1 6 141 s 021
87 1116 2208 45.35 41° 12600 113° 10.92 9.2 0.3 8 129 4 0.10




yr
87
87
87
87
87

87
87
87
87
87

87
87
87
87
87

87
87
87
87
87

87
87
87
87
87

87
87
88
88
88

88
88
88
88
88

88
88
88
88
88

88
88
88
88
38

date

1116
1117
1117
1117
1118

1121
1121
1123
1127
1127

1127
1127
1129
1201
1203

1211
1211
1214
1214
1215

1215
1218
1219
1220
1222

1222
1224
102
106
106

107
108
108
113
122

127
127
127
128
129

129
129
130
130
130

origin time

2208
1620
1635
1826

34

2222
2343
1104

943
1445

1533
2205
1248
307
28

439
1305
1620
1639

451

1800

833
2157
1221
1255

1757
2023
1856
1904
2110

411
136
2132
2024
1933

2322
2335
2339
1345

58

109
1101
144
537
539

53.32
45.04
19.37
32.97
55.31

10.80
37.19
22.25
46.84
42.86

27.27
4348
53.04
33.13
35.16

15.60
3251
55.07

9.47
17.74

10.65
39.97
43.58
29.55
20.50

59.91
41.52
49.51
24.55
10.28

14.57
5532
31.53
16.85
2041

17.04

0.04
26.53
58.51
33.59

54.94

6.59
33.53
13.04
44.15

Lakeside, Utah, Earthquake Sequence
latitude

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

11.25
11.05°
11.48
11.00
11.55°

11.28
11.67
11.72
12.35
12.80

11.78
11.34
11.19
11.44'
11.14

11.99
12.7%
1117
11.50
13.71°

11.7¢
12.13
11.52
10.98’
11.30

11.34
12.89
11.45°
11.80
11.60

13.14
11.58
13.39
11.06
11.16

12.84
12.66
13.01"
11.59
12.22

12.37
12.2%
11.97
12.22°
12.18

longitude

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°

113°

113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

7.54'
10.57
1047
10.34
11.82

11.20
10.98’
11.83
11.79
11.70°

10.67
10.08’
10.88"
10.44’
10.47

10.35
12.00°
10.40

9.85
12.04'

9.22
1093’
10.38’

9.30
10.67

10.55
11.76
10.17
10.86

9.85

1227
10.42°
12.49
10.79
10.24

11.14
11.02
11.28°
11.57
10.73’

10.62°
1113
11.37
10.86
1113

depth

1.8
10.0
9.0
94
8.1

7.2
95
73
6.6
10.6

10.5
9.9
72
9.8
9.6

11.1
94
10.8
11.0
9.2

7.8
9.1
9.9
7.0
10.5
93
6.8
10.3
9.8
9.4

7.7
9.7
72
79
9.6

9.4

8.6

9.5
1.5
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115
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132
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133
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121
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0.11
0.06
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0.04

0.10
0.13
0.09
0.09
0.09

0.12
0.04
0.09
0.01
0.09
0.02
0.12
0.09
0.05
0.03
0.10
0.12
0.11
0.13
0.07

0.07
0.12
0.04
0.09
0.18
0.12
0.05
0.18
0.07
0.07

0.06
0.02
0.11
0.10
0.10

0.14
0.07
0.10
0.12
0.05



yr

88
88
88
88
88

88
88
88
88
88

88
88
88
88
88

88
88
88
88
88

88
88
88
88
88

88
88
88
88
88

88
88
88
88
88

88
88
88
88
88

88
88

date

130
130
130
130
203

203
205
205
205
208

210
210
21
21
21

212
212
214
217
220

220
220
220
221
221

222
223
302
302
302

304
305
306
308
308

308
315
320
321
321

326
326

origin time

607
902
917
1440
610

2312
227
836

1614

2354

1007
1755
1544
2127
2350

1937
2323
1236
426
454

510
1524
1524
1622
1931

0
1318
203
211
229

1123
1221

701
1430
1509

1518
440
912
724

2225

100
2034

40.50
38.66
29.91
18.81

39.73.

33.37
13.80
31.01
3.30
1.47

31.44
55.08
15.42
35.30
18.62

28.15
49.28
41.87
49.35
36.30

36.17
12.08
43.73
38.16
41.67

48.31
44.38
20.75

6.23
27.40

28.35
1.40
1.49

59.65

14.03

35.01
30.37
58.03
58.80
54.10

11.61
47.00

Lakeside, Utah, Earthquake Sequence
latitude

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°
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41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°
41°
41°
41°

41°
41°

11.54
12.17
11.69
12.71
11.88

11.70°
12.08’
12.72
12.53"
12.07

12.97
12.98
12.69’
12.45°
12.41

13.67
12.37
12.66
11.02
12.2V

11.45’
12.19
12.22
11.10
11.51

12.57
11.05°
12.06
11.68
12.06

12.32
11.30
10.72
11.78
11.92

12.07
12.13'
10.9Y1
13.28
11.44

11.917
11.28

longitude

13°
13°
13°
13°
13°

13°
13°
13°
13°
13°

113°
113°
113°
113°
113°

13°
13°
13°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°
113°
113°
113°

113°
113°

number of earthquakes = 222

* indicates poor depth control
indicates Wood-Anderson data used for magnitude calculation

11.14
10.73’
11.21"
10.74
10.53’

11.52
11.02
11.16
11.98
11.19

12.05°
12.15°
11.89
12.04'
11.75'

11.73%
11.91
11.91
10.10°
11.32

11.35
11.74
12.19
10.02
10.26

11.87
10.07
10.11°
10.29
10.53’

11.49
10.2%’

9.79’
11.51
11.48

11.37
11.39
10.16
12.66
11.12

11.43%
10.46

depth

93
11.2
11.0

9.7
10.3

10.0
11.5

9.8
11.3
10.9

8.5
8.0
7.6
7.2
7.5

15.2
7.5
79
8.6

10.4

9.8
7.4
8.9
9.0
10.1

7.5
8.3
11.2
10.6
10.8

6.7
9.1
8.9
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9.8
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7.6

mag

Vo woowwity — o

N0 wWOO—0 Auwon DLW

—oNo
b \O 00
£

——o 09
— ~J O\ \D 00

oo
AN

[YoXN 'S B \S JVA]

15

—
B NN~ hoo=

[

L OO 0~

—
AN AW WULOoDWL L

gap

163
124
120
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0.16
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0.04
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0.04
0.15
0.06
0.06
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0.04
0.04
0.11
0.07
0.08

0.11
0.06
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0.04
0.13
0.02
0.03
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0.05
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0.06
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0.14
0.04
0.15
0.13
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5. LEFT-LATERAL SHEAR BENEATH THE NORTHWESTERN COLORADO PLATEAL:

THE 1988 SAN RAFAEL SWELL AND 1989 SOUTHERN WASATCH PLATEAU EARTHQUAKES

ABSTRACT

Two moderate earthquakes that occurred in the northwestern Colorado Plateau in central
Utah on August 14, 1988, and January 30, 1989 (UTC), provide important new information on
earthquake hazards, contemporary deformation, and the state of stress at mid-crustal depths in
this region. The first was an My 5.3 shock on the northwest edge of the San Rafael swell, a
broad Laramide anticlinal upwarp. The second was an My 5.4 earthquake located 70 km
WSW of the first beneath the southern Wasatch Plateau, which rims the northwestern Colorado
Plateau and forms part of a transition to the Basin and Range Province to the west. These
earthquakes were the largest to occur within the Colorado Plateau since an M 5'2 event near
the Utah-Arizona border in 1959. The San Rafael swell earthquake occurred in an area without
mapped active surface faults and where historical earthquake activity has been minimal, sug-
gesting that moderate but potentially damaging earthquakes (5 < My, < 6%) could occur any-
where in the northwestern Colorado Plateau.

Following each main shock, we supplemented the University of Utah’s regional seismic
network with 4 to 5 portable seismographs and later 2 to 4 telemetered stations in the epicen-
tral area. Each earthquake sequence was relocated with a velocity model based on refraction
studies and sonic logs of nearby oil wells; station delays were derived from well-located aft-
ershocks. For the San Rafael swell sequence, the 68 best-located hypocenters define a 5-km-
long aftershock zone extending in depth from 11 to 18 km and dipping 60°+5° ESE. P-wave
focal mechanisms for the main shock and largest aftershock (M, 4.4) both show oblique nor-
mal faulting, with the left-lateral nodal plane dipping E t0 SE in a direction similar to the dip
of the aftershock zone. For the southen Wasatch Plateau sequence, the 33 best-located hypo-
centers define an 8-km-long aftershock zone between 21 and 25 km depth, striking NNE and
dipping 90°+10°. P-wave focal mechanisms for the main shock and largest aftershock (M
4.2) both show strike-slip faulting with the left-lateral nodal plane striking NNE, parallel to the
trend of the aftershock zone.

The T axes for all four focal mechanisms are oriented between E-W and ENE-WSW,
intermediate between the ESE-WNW extension direction of the Basin and Range—Colorado
Plateau transition zone and the NE-SW extension direction of the interior of the Colorado Pla-
teau. Our data imply that both main shocks were caused by buried left-lateral or oblique left-
lateral and normal slip on Precambrian basement faults striking NNE to NE. Active NNE .
left-lateral shear at depth may explain some enigmatic aspects of the surficial tectonics—
including the right-stepping, en-echelon pattern of young, N-S-trending graben on the Wasatch
Plateau.



INTRODUCTION

This report is about two moderate-sized earthquakes that occurred recently in central Utah
beneath the northwestern part of the Colorado Plateau: the M, (local magnitude) 5.3 San
Rafael swell earthquake on August 14, 1988, and the M 5.4 southern Wasatch Plateau earth-
quake on January 30, 1989. These two earthquakes occurred 5%2 months and 70 km apart.
They were the largest earthquakes to occur in the Colorado Plateau since a magnitude 52
event near the Utah-Arizona border in 1959 (Figure 2-1). The 1988 and 1989 earthquakes pro-
vide an important insight into the contemporary tectonics of the northwestern Colorado Plateau.

Both earthquakes occurred in unpopulated areas. The closest town to the San Rafael
swell earthquake was Castle Dale, 18 km NW of the epicenter, and the closest town to the
southemn Wasatch Plateau earthquake was Salina, 25 km NW of the epicenter. Both earth-
quakes were felt strongly in small towns in the vicinity with MMI (Modified Mercalli inten-
sity) V to VI, where they caused some minor damage (U.S. Geological Survey, 1988, 1989,
Case, 1988; Tingey and May, 1988). The felt areas of both earthquakes extended throughout
much of Utah and into neighboring states (U.S. Geological Survey, 1988, 1989). The San
Rafael swell earthquake triggered numerous rock falls within 40 km of the epicenter, possibly
numbering in the hundreds, and isolated rock falls at distances of up to at least 113 km from
the epicenter (Case, 1988). The southern Wasatch Plateau earthquake also triggered some rock
falls, but far fewer than did the San Rafael swell earthquake (W.F. Case, personal communica-
tion, 1991).

This report presents the results of aftershock studies carried out following both earth-
quakes, together with focal mechanisms for the main shock and the largest aftershock of each
sequence. We were able to identify the fault planes for both main shocks based on their aft-
ershock distributions. Our main conclusion based on this work is that both earthquakes
involved left-lateral or oblique left-lateral and normal slip on NNE- to NE-striking faults at
mid-crustal depths. This observation suggests the possibility of large-scale left-lateral shear at
depth beneath the northwestern Colorado Plateau.

GEOLOGICAL SETTING

Figures 2-2 and 2-3 depict the generalized geology of the region where the 1988 and
1989 earthquakes occurred. The area shown encompasses the transition between the Basin and
Range Province on the west and the Colorado Plateau on the east. The 1988 earthquake
occurred within the Colorado Plateau province beneath the northwest edge of the San Rafael
swell, a broad kidney-shaped anticlinal upwarp with a monoclinal flexure on its southeastemn
flank (Stokes, 1986, p. 240). The San Rafael swell is underlain by sedimentary rocks ranging
in age from Paleozoic at the center of the uplift to middle Cretaceous around the periphery
(Figures 2-2, 2-3). The 1989 earthquake occurred beneath the southern Wasatch Plateau (WP,
Figure 2-2), one of the high plateaus along the northwest edge of the Colorado Plateau that
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Fig. 2-1. Locations (bold circumscribed stars) of the August 14, 1988, San Rafael swell
earthquake (M 5.3) and the January 30, 1989, southem Wasatch Plateau earthquake (M 5.4).
superimposed on a regional seismicity map for 1962-1981 taken from Humphrey and Wong
(1983) and Wong and Humphrey (1989).
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Fig. 2-3. Generalized geologic cross section, with a factor of two vertical exaggeration,
along the line A-B shown on Figure 2-2. Starbursts indicate the hypocenters of the San Rafacl
swell and southem Wasatch Plateau earthquakes, projected onto the cross section together with
the orientations of the inferred fault planes. BR is the Basin and Range Province and CP is
the Colorado Plateau. This cross section is generalized from one that accompanies the geolo-
gic map of Utah (Hintze, 1980). Symbols and pattems are as in Figure 2-2.
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form part of the Basin and Range—Colorado Plateau transition zone. This plateau is composed
of relatively flat-lying sedimentary rocks of Upper Cretaceous and Tertiary age. It is bounded

on the east by an erosional escarpment and on the west by the Wasatch Monocline (Figure 2-3;
Stokes, 1986, p. 247).

The western part of the region shown in Figure 2-2 was subjected to considerable E-W
upper crustal shortening from 105 to 75 m.y. ago during the Cretaceous Sevier orogeny. This
crustal shortening was accommodated by eastward-directed imbricate thrust faulting and associ-
ated folding, which affected Paleozoic and Mesozoic sedimentary rocks but did not involve the
underlying Precambrian basement to any great extent (Stokes, 1986, pp. 144-145; Hintze,
1988, pp. 99-100). Recent surface and subsurface data show that Sevier-age thrust faulting
extends beneath the Wasatch Plateau (Standlee, 1982; Lawton, 1985; Allmendinger et al.,
1986) and into the northwest San Rafael swell at least as far east as Cedar Mountain, 20 km
ENE of the epicenter of the 1988 earthquake (Neuhauser, 1988). The San Rafael swell itself
formed between 65 and 60 million years ago during a Paleocene episode of the Laramide oro-
geny, which in central Utah was characterized by compressional deformation of a different
nature than that of the Sevier orogeny (Stokes, 1986, p. 148; Hintze, 1988, pp. 100-101). The
San Rafael swell and other asymmetrical anticlines of Laramide age in the sedimentary rocks
of the Colorado plateau are generally regarded as the surface expressions of reverse displace-
ments along steeply-dipping faults in the underlying Precambrian basement (Davis, 1978;
Stokes, 1986, p. 148). The epeirogenic uplift of the Colorado Plateau took place during the
late Cenozoic, much later than the more localized uplift of the San Rafael swell. Rowley et al.
(1978, 1979) infer from the areal distribution of ash flow tuffs in southwestern Utah that the
uplift of the Colorado Plateau relative to the Basin and Range province in this region began
some 25 to 30 m.y. ago during the late Oligocene. Extension and normal faulting in the
western Utah portion of the Basin and Range Province also began at about this same time or
carlier, but the main phase of Basin and Range faulting in this area did not get underway until
the early or middle Miocene, 15-21 m.y. ago (Rowley et al., 1978; Hintze, 1988, pp. 74-75).

The heavy lines on Figure 2-2 indicate the surface traces of Cenozoic normal faults. The
fault in the northwest portion of the map is the Wasatch fault, a major active normal fault
which marks the classical physiographic boundary between the Basin and Range Province and
the Colorado Plateau and Middle Rocky Mountains. This boundary is transitional in the sense
that some of the characteristics of the Basin and Range Province extend 50 to 100 km eastward
into the Colorado Plateau, including high heat flow and normal faulting (Best and Hamblin,
1978; Keller et al., 1979; Thompson and Zoback, 1979; Bodell and Chapman, 1982; Arabasz
and Julander, 1986; Powell and Chapman, 1990). For example, there are post-Eocene normal
faults in the Wasatch Plateau (Spieker, 1949), some of which show late Pleistocene and possi-
bly Holocene movement (Foley et al., 1986). These normal faults form a right-stepping, en-
echelon pattern of N-S-striking graben (Figure 2-2). COCORP seismic reflection data pub-
lished by Allmendinger et al. (1986) suggest that these young normal faults might not cut into
the Precambrian basement, but may instead merge with a low-angle thrust fault in the Jurassic
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section which has been reactivated as a normal fault. However, Allmendinger et al. (1986, p.
261) consider this interpretation to be "somewhat tenuous given the resolution of the seismic
data and the small displacements on most of the normal faults."

There are no Quaternary faults mapped within the San Rafael swell but such faults, if
present, may be difficult to recognize due to the paucity of Quatemary deposits. The Paleozoic
and Mesozoic sedimentary cover rocks of the swell are cut by NW- and NE-striking faulits,
some of which are inferred to extend into the Precambrian basement (see Hintze, 1980).

PRIOR SEISMICITY

Overview of Regional Seismicity

Most of the seismicity in the vicinity of the Colorado Plateau is concentrated around its
margins (Figure 2-1). This seismicity occurs principally within the Intermountain Seismic Belt
in Utah on the northwest boundary of the province and along the Rio Grande Rift in New
Mexico on the southeast boundary. Figure 2-4 provides a more detailed view of the seismicity
in the region surrounding the 1988 and 1989 earthquakes. The circles on this map show epi-
centers of earthquakes of M 2 2 from July 1962, when the University of Utah regional seismic
network first began operating, through 1990. The stars show epicenters of M > 5 earthquakes
from 1850 through 1990. A prominent feature of the 1962 to 1990 seismicity in this area is an
arcuate band of small earthquakqs which follows the eastern edge of the Wasatch Plateau (the
northeastern edge of the transition zone, TZ on Figure 2-4) northward to 39° 45’ N, and then
trends eastward and southward along a southwest-facing escarpment known as the Book Cliffs.
Earthquakes within this arcuate band of activity are apparently triggered by active coal mining
in this area and have very shallow focal depths, almost exclusively less than 4 km (Dunrud et
al,, 1973; Smith et al., 1974; McKee, 1982; Arabasz and Julander, 1986; Williams and Ara-
basz, 1989; Wong et al., 1989). The intense cluster of activity centered 30 km NW of the epi-
center of the San Rafael swell earthquake (Figure 2-4) is associated with large-scale coal-
mining beneath East Mountain, a part of the Wasatch Plateau (McKee, 1982; Arabasz and
Julander, 1986; Williams and Arabasz, 1989). Seismicity within the Basin and
Range—Colorado Plateau transition zone in the westemn half of Figure 24 is shallow (depth <
15-20 km), diffuse, and not easily correlated with mapped surface faulting (McKee and Ara-
basz, 1982; Arabasz and Julander, 1986; Arabasz ct al., 1987).

The 1988 San Rafael swell earthquake occurred in an area that had very little recorded
seismicity prior to 1988. In the portion of the Colorado Plateau within 100 km of the San
Rafael swell earthquake, the two largest historical earthquakes both had a maximum Modified
Mercalli Intensity of V, which converts to an estimated magnitude of 4.3. They occurred in
1953 at 39° 0’ N 110° 10’ W, and in 1961 at 39° 36° N 110° 12" W (see Arabasz et al., 1979).
Instrumental monitoring by the University of Utah detected only a few scattered earthquakes
from 1962 through 1987 in the area of the San Rafacl'swell (Figure 2-4). The University of
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Fig. 24. Epicenter map of earthquakes along the northwestern margin of the Colorado
Plateau from 1962 through 1990. The thin solid hine is the 7500 foot elevation contour. The
dashed line outlines the transition zone (TZ) between the Basin and Range Province (BR) and
the Colorado Plateau (CP). MRM is the Middle Rocky Mountains physiographic province.
The M 6.0+ earthquakes in the southwestern comer of the map are the M 6 2 earthquake near
Richfield, Utah, in 1901 and the two M 6 Y4 earthquakes near Elsinore, Utah, in 1921. Epi-
central data are from the University of Utah Seismograph Stations earthquake catalog (see Ara-
basz et al., 1979, 1987). Physiographic province boundaries are from Stokes (1986).



Utah earthquake catalog lists two earthquakes of M; > 3.0 within 25 km of the epicenter of thc
1988 main shock during this time period: a shock of M; 3.1 in 1962 located 8 km to the
north of the 1988 event, and a shock of M 3.0 in 1964 located 21 km to the south of it (Fig-
ure 2-4). The locations of these two earthquakes are not of very high quality, however, owing
to the sparseness of the University’s regional seismic network at the time, and could easily be
in error by several kilometers or more.

The 1989 southern Wasatch Plateau earthquake occurred on the eastern edge of a seismi-
cally active zone that includes some of the largest historical earthquakes in Utah: a magnitudc
6%+ earthquake near the town of Richfield in 1901, and two magnitude 6% earthquakes near
the town of Elsinore in 1921 (Pack, 1921; Williams and Tapper, 1953; Arabasz et al., 1979;
Arabasz and Julander, 1986). Some of the seismicity between 20 and 30 km NE of the main
shock epicenter (Figure 2-4) is probably related to coal mining, since there are working mines
in this area. The earthquakes just to the east and south of the main shock epicenter do not
appear to be associated with any mines.

Precursory Swarm and Foreshocks

The M 5.3 San Rafael swell earthquake was preceded by two notable bursts of seismic
activity near its epicenter. The first was a swarm of seven earthquakes of M| < 2.5 recorded
by the University of Utah regional seismic network between January 14 and 20, 1988, seven
months before the impending main shock. The second was a sequence of six foreshocks of
magnitude 1.8 to 3.8 that occurred on August 14, 1988, during the 65 minutes prior to the
occurrence of the main shock at 20:03 UTC (2:03 p.m. MDT) (Figure 2-5). The largest
foreshock, of M; 3.8 at 19:07 UTC, was felt (MMI 1V) in nearby small towns (U.S. Geologi-
cal Survey, 1988). During the seven-month period between the swarm and the foreshocks, the
epicentral area did not experience any earthquakes large enough to be located with the
University’s seismic network.

Relocation of the January 1988 swarm events and the August 1988 foreshocks using the
master event technique described below indicates that their epicenters are all within 2 km of
the relocated main shock epicenter, and that their focal depths are generally comparable to that
of the main shock. Taking into account the location crrors, which are on the order of 1 or 2
km horizontally and at least 2 or 3 km vertically, the hypocenters of the foreshocks and the
swarm events are not resolvably different from that of the main shock. Given this observation,
and the previous low level of seismicity in the arca, it seems highly probable that both the
January 1988 swarm and the August foreshocks were closely related to the San Rafael swell
main shock. Hence, we consider the January 1988 swarm to be a "precursory swarm,” follow -
ing the terminology of Evison (1977). Evison (1977) and Kanamori (1981), among others,
have noted that numerous moderate- to large-sizc earthquakes throughout the world have been
preceded by a pattern of activity similar to that which preceded the 1988 San Rafael swell
earthquake: a precursory swarm followed by quiescence and then foreshocks. However, somce
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Fig. 2-5. Plot of magnitude versus time for the San Rafael swell earthquake sequence
from August 13 through December 31, 1988. The plot includes all earthquakes in the Univer-
sity of Utah catalog within 15 km of the main shock epicenter. The sample is complete for at
least ML > 2.0. Small earthquakes recorded only on the portable seismographs were arbitrarily
assigned a magnitude of 0.0, since we have not calibrated a magnitude scale for use with these
instruments.



or all of the features of this typical precursory pattern fail to occur before most earthquakes,
and when this pattern does occur, the details of it vary considerably from one earthquake
sequence to another (Kanamori, 1981).

In contrast to the San Rafael swell earthquake, the southern Wasatch Plateau earthquake
was not heralded by any unambiguous foreshocks or precursory swarms. During the two year
period preceding the occurrence of the main shock at 04:06 UTC on January 30, 1989 (9:06
p.m. MST on January 29), the University of Utah network detected only a few scattered earth-
quakes within a 20 km radius of the main shock epicenter. The network recorded a single pos-
sible foreshock of magnitude 2.0 at 13:20 UTC on January 23, 1989 (Figure 2-6). The epi-
center of the master-event relocation of this earthquake is 9 km E of the relocated main shock
epicenter, in an area where there had been previous seismic activity since at least the mid
1970’s. This event would qualify as a foreshock according to some definitions. However, it
does not meet the criteria for "true” foreshocks proposed by Ebel (1981), because it occurred
outside the aftershock zone of the main event. Thus, we do not consider the January 23 event
to be a definite foreshock.

EARTHQUAKE LOCATIONS

Deployment of Portable Instruments

When the M; 5.3 San Rafael swell earthquake occurred, the nearest seismograph station
was the easternmost permanent station of the University of Utah regional network, located 20
km to the east at Cedar Mountain. Beginning the day after the main shock, University of Utah
personnel deployed five portable analog seismographs with smoked-paper recorders in the epi-
central area to augment the station coverage from the permanent network (Table 2-1; triangles,
Figure 2-7). Four temporary seismograph statons, directly telemetered to the University’s cen-
tral recording lab in Salt Lake City, were installed on August 20 and 21 (Table 2-1; inverted
triangles, Figure 2-7). These stations supplemented the smoked-paper seismographs until
August 31, when the latter were removed. The four telemetered stations were operated until
December 12, 1988.

Following the M; 5.4 southern Wasatch Plateau earthquake, we also deployed temporary
stations near the main shock epicenter to supplement the permanent network, which at the time
had no stations within 40 km of the epicenter (Table 2-2). This effort was more limited than
the field recording effort conducted after the San Rafael swell earthquake because of the severe
winter weather conditions in the Wasatch Plateau in January 1989. The day after the southemn
Wasatch Plateau main shock, a University field crew installed four portable smoked-paper -
seismographs at the locations indicated by the triangles in Figure 2-10. These were operated
for a week, but not continuously, owing to weather-related problems. On February 8, the port-
able analog stations were replaced with two portable telemetry stations at the sites marked by
the inverted triangles in Figure 2-10. The easternmost portable telemetry station was converted
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Fig. 2-6. Plot of magnitude versus time for the southern Wasatch Plateau earthquake
sequence from January 23 through March 31, 1989. See Figure 2-5 for further explanation.



TABLE 2 - |

STATIONS USED FOR MASTER-EVENT RELOCATIONS OF THE
SAN RAFAEL SWELL EARTHQUAKE SEQUENCE

Station ypet Latitude Longitude First Event Last Event
Name N w Recorded (UTC)* Recorded (UTC)*
Date Time Date Time
FUL M  39°06.26" 110° 51.32" 1640 -03 8-17 07:04 8-31 08:34
FAV M 39°08.21' 110° 52.53° 1646 +.03 8-16 18:27 8-31 08:34
FLUT P 39°06.00' 110° 50.33" 1682 -01 821 02:21 12-11 13:29
RLUT P 39°09.13'110° 49.12" 1779 -02 8-20 22:00 12-11 13:29
TWUT P 39°05.42"110° 4630 1878 -01 8-20 22:00 12-11 13:29
WEG M 39°05.33'110° 45.32" 1902 +01 8-20 22:00 8-31 08:34
OPUT P 39°04.07" 110° 57.21" 1768 -01 8-21 02:21 12-11 13:29
OLL M 39°12.26° 110° 56.20" 1768 -02 8-20 22:00 8-31 08:34
CMU R 39°10.28° 110° 37.16" 2332 00 8-14 18:58 3-21 15:02
SNO R 39°18.86" 111° 32.28" 2446 +25 8-14 18:58 3-21 15:02
SGU R 39°10.97" 111° 38.60° 2365 +24 8-14 18:58 3-21 15:02
EMUT R 39° 48.84" 110° 48.92" 2268 +04 8-14 18:58 3-21 15:02
LVU R 39°29.50" 111° 49.60" 2530 +07 8-14 18:58 3-21 15:02
WCU R 38°57.88 112° 0540 2714 +.12 8-14 19:07 3-21 15:02
MMU R 38°1191'111°17.66" 2387 -05 8-14 18:58 3-21 15:02
FLU R 39°22.69"112° 10.23" 1950 +24 8-14 18:58 3-21 15:02
MSU R 38°30.80" 112° 10.45" 2141 +06 8-14 18:58 3-21 15:02

tR= UUSS regional network, M= microearthquake recorder, P= portable telemetry
*From August 14, 1988, through March 31, 1989



TABLE 2 - 2

STATIONS USED FOR MASTER-EVENT RELOCATIONS OF THE
SOUTHERN WASATCH PLATEAU EARTHQUAKE SEQUENCE

Typet
Time
SKUT M 38°52.81'111°3291" 2522 .00 1-31 16:17 2-8 00:47
WHOT M 38°48.19'111° 31.16" 2755 +01 1-31 21:42 24 01:13
GOOT M 38°51.74°111°4480° 2398 +09 1-31 16:17 2-8 10:29
TWIT M 38°33.07111° 43.37° 3251 -12  1-31 21:42 2-8 10:29
GPUT P 38°4891"111°37.63" 2755 +10 2-09 21:24 -14 23:47
OWUT P 38°46.80°111°2542" 2568 +14  2-09 21:24 -14 23:47
SGU R 39° 1097 111° 38.60° 2365 +04 1-23 13:20 -19 16:29
WCU R 39°57.88°112° 0540" 2714 -17  1-23 13:20 -19 16:29
SNO R 39°18.86"111° 32.28" 2446 +02 1-23 13:20 -19 16:29
MSU R 38°30.80"112° 1045" 2141 -02 1-23 13:20 -19 16:29
LVU R 39°2950"111° 49.60" 2530 +03 1-30 04:06 -19 16:29
MMU R 38°11.91'111° 17.66" 2387 +03 1-23 13:20 -19 16:29
CMU R 39°10.28"110° 37.16" 2332 00 1-23 13:20 -19 16:29
NMUT R 38°30.99 112°51.00° 1853 +28 1-23 13:20 -19 16:29
SuuU R 39°53.32'111°47.50° 1987 -12  1-23 13:20 -19 16:29
EMUT R 39°48.84"110° 48.92" 2268 -28 1-23 13:20 -19 16:29
NLU R 39°57.29°112° 04.50' 2036 +24 1-23 13:20 -19 16:29
WMUT R 40° 04.60" 111° 50.00° 1981 +38 1-30 04:15 -19 16:29

+R= UUSS regional network, M= microearthquake recorder, P= portable telemetry
*From January 23 through July 31, 1989
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San Rafael Swell Earthquake Seqguence
August 14, 1988 - August 14, 1989
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Fig. 2-7. Epicenter map of the 68 best-located earthquakes in the San Rafael swell
sequence from August 14, 1988, through August 14, 1989. See text for selection criteria
Circles indicate earthquakes that occurred when the portable stations were operating, and
squares indicate earlier and later events. Symbol sizes are scaled by magnitude as shown.
Portable analog seismograph stations (Sprengnether MEQ-800 smoked-paper recorders),
operated during the period August 16 to 31, are represented by triangles, and the portable
telemetry stations, deployed from August 20-21 until December 12, 1988, are represented by
inverted triangles. The line A-A’ shows the direction of the cross section in Figure 2-8.



to a permanent station in the spring of 1989, and continues to function as of December 1991.
The other was removed on May 25, 1989. The seismometers at all of the temporary stations
installed for these aftershock studies were high-gain, short-period, vertical-component velocity
transducers.

Velocity Models

We computed the earthquake locations for this study using P-wave arrival times and two
different one-dimensional velocity models, one for each of the two areas of interest (Table 2-
3). We did not use any S-wave armival times for our locations because the stations in the
vicinity were equipped only with vertical-component seismometers, and S-wave arrival-time
picks from vertical-component records are notoriously unreliable.

The lower part of both velocity models is taken, with some slight modifications, from a
P-wave velocity model determined by Roller (1965) from a 300-km-long reversed refraction
line across the Colorado Plateau in southeastern Utah and northwestern Arizona. The upper-
most 2.7 km of the velocity model for the San Rafael swell area was adapted from the velocity
model of Williams and Arabasz (1989) for the East Mountain area of the Wasatch Plateau.
Williams and Arabasz derived their model from interval velocities determined from high-
resolution seismic-reflection profiles on East Mountain and from sonic logs of an oil well
located south of East Mountain and 28 km NW of the San Rafael swell main shock epicenter.
We modified their model for the San Rafael swell area based on a comparison between the
stratigraphic section in their paper and a stratigraphic section for the west flank of the San
Rafael swell published in Hintze (1988, p. 180). The uppermost 3.7 km of the southem
Wasatch Plateau velocity model was generalized by J. Bott from sonic logs for the Maple
Springs #1 well of the Philips Petroleum Company, located 4 km WNW of the epicenter for
the 1989 main shock (W, Figure 2-10).

We attempted to compensate for the substantial elevation differences among the recording
stations, typically a few hundred meters even for the closest sites (Tables 2-1 and 2-2), by sub-
tracting elevation corrections from the observed arrival times. These corrections were calcu-
lated from the standard expression (h/v)cos i, where h is the elevation of the station above
the datum, v is the velocity of the topmost layer in the velocity model, and i is the calculated
incidence angle in this layer. This correction is cxact for refracted waves and an excellent
approximation for direct waves, provided that the near-surface velocity is constant over the
range of elevation of the stations. In reality, P-wave velocities increase rapidly with depth near
the earth’s surface in both areas (see Williams and Arabasz, 1989). To make the elevation
corrections as accurate as possible, we set the velocity of the top layer in each model equal to
the average velocity measured in the uppermost few hundred meters of the crust. Note that the
earthquake locations for this study are not very sensitive to the details of the velocity models
for the uppermost few kilometers of the crust, since most of the hypocenters are deeper than
10 km. The total calculated travel time through the uppermost layers does, however, affect the
absolute depths of the calculated hypocenters.
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TABLE 2 -3

VELOCITY MODELS FOR THE NORTHWESTERN COLORADO PLATEAU

Region P-Wave Velocity  Depth to Top
(km/sec) of Layer (km)
San Rafael Swellf 30 0.0
35 0.3
4.04 0.6
4.40 0.7
484 1.0
5.81 2.1
6.18 2.1
6.8 275
7.8 40.0
79 80.0
Southen Wasatch Plateau® 3.0 0.0
40 0.5
5.1 2.8
5.6 35
6.2 3.7
6.8 21.5
7.8 40.0
79 80.0

+Datum is 1800 meters above sea level.
*Datum is 2600 meters above sea level



Station Delays

In order to improve the relative locations of the earthquakes in each sequence, we
employed a master event technique to calibrate station delays for both the temporary stations
and the nearby permanent stations of the regional network (see Johnson and Hadley, 1976, and
Corbett, 1984). The earthquakes selected as master events are well-located aftershocks that (1)
occurred during the times when the maximum number of temporary stations was operating and
(2) were large enough to produce clear P-wave arrivals on key regional network stations. For
the San Rafael swell sequence, we chose three events of 2.5 < M, (coda magnitude) < 2.8,
which occurred on August 25 and 26, 1988, when eight of the portable stations were opera-
tional. For the southern Wasatch Plateau sequence, we chose four events of 1.7 < M. < 2.3
that were recorded by all four smoked-paper seismographs as well as by regional network sta-
tions. Because there was no overlap in the time periods of operation of the smoked-paper
seismographs and the two portable telemetry stations in the southern Wasatch Plateau, it was
necessary to determine station delays separately for the latter using three other master events of
M, 2.2 to M 4.2.

We located each set of master events with the computer program HYPOINVERSE
(Klein, 1978) using the appropriate velocity model from Table 2-3. For these initial locations,
we set the distance weighting parameters within the program to give full weight to all of the
temporary stations and to the minimum number of regional network stations needed to obtain
good locations for the master events. Arrival times from the more distant regional network sta-
tions were downweighted with a cosine taper from a weight of one at a distance "dmin" (set to
30 km for the San Rafael swell master events and 100 km for the southern Wasatch Plateau
events) to a weight of zero at a distance "dmax” (set to 40 km for the San Rafael swell events
and 150 km for the southern Wasatch Plateau events) (see Klein, 1978). This distance weigh-
ing served to minimize or eliminate the influence of arrival times from the more distant sta-
tions, which tend to be the most affected by differences between the actual seismic velocities
and those in the model. Downweighting these stations was desirable in order to get the best
locations possible for the master events, and thereby reduce location bias in the computation of
station delays from travel-time residuals (observed arrival time minus calculated arrival time).

The station delays for the two areas of interest were set equal to the median of the
travel-time residuals for the master events in that area (Tables 2-1, 2-2). We then simply sub-
tracted these station delays, along with the elevation delays, from the observed arrival times
before locating the earthquakes with HYPOINVERSE. In computing the final sets of loca-
tions, we used only those stations for which we had determined a station delay, and we applied
no distance weighting. The trial hypocenter for the locations in each area was the median
hypocenter of the master events.



Compilation of Data Set

All of the arrival-time data from the 'temporary stations were combined with the data
from the permanent stations of the regional seismic network and processed according to stan-
dard procedures to compute locations for the University of Utah earthquake catalog (see Nava
et al., 1990). This data set included a few earthquakes that were recorded only on the continu-
ously recording portable analog seismographs, either because they were not large enough to
trigger the centralized digital recording system for the regional network, or because the digital
recording system was temporarily out of operation when they occurred. Subsequently, we used
the master event technique to relocate all earthquakes in the catalog within a 15 km radius of
each main shock epicenter that occurred during the one-year period prior to each main shock
and the one-year period following them. We were able to obtain good relocations for 161 of
the 216 earthquakes in the San Rafael swell data set and 58 of the 64 earthquakes in the south-
emn Wasatch Plateau data set. These locations are listed in the Appendix. The rest of the
earthquakes could not be reliably relocated using our master event method because there were
less than five P-wave arrival times available for them from the stations for which we deter-
mined station delays.

AFTERSHOCK SEQUENCES

San Rafael Swell

A plot of magnitude versus time for the San Rafael swell earthquakes (Figure 2-5) shows
a typical foreshock-main shock-aftershock sequence. The largest aftershock was an M 4.4
event at 12:44 UTC on August 18, 1988, that was felt (maximum MMI V) throughout much of
central Utah and in western Colorado (U.S. Geological Survey, 1988). All but 12 of the 202
locatable aftershocks during the year following the main shock occurred during the 4!%2-month
time period shown on Figure 2-5. However, the detection and location capability of the net-
work in this area decreased significantly after December 12, 1988, when the four portable
telemetry stations were removed.

Figure 2-7 is an epicenter map of the master event locations for the San Rafael swell
earthquake and 67 of its best-located foreshocks and aftershocks. Figure 2-8 shows the hypo-
centers of these earthquakes projected onto a vertical plane parallel to line A-A” on Figure 2-7.
The locations for all of the earthquakes on these two plots meet the following selection criteria:
(1) maximum azimuthal gap between stations of 130°, (2) minimum of six arrival times used
for the location, (3) maximum root-mean-square of the weighted travel-time residuals of 0.10
sec, (4) maximum horizontal standard error of 1.5 km, and (5) maximum vertical standard
error of 3.0 km. The circles represent the earthquakes that took place while there were port-
able stations operating in this area. For all of these earthquakes, the epicentral distance to the
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nearest station was less than 4 km. The squares represent earthquakes that were located with
the permanent regional network stations only, the closest station of which was about 20 km
away.

In map view, the San Rafael swell earthquakes occupy a 3 X 5 km zone which is slightly
elongated NNE-SSW and is adjacent to the main shock epicenter (Figure 2-7). In three dimen-
sions, the hypocenters define an aftershock zone dipping 60° + 5° ESE between 11 and 18 km
depth (Figure 2-8), with a length along strike of 5 km and a downdip extent of 7 km. The
main shock hypocenter is located at the base of the aftershock zone at a depth of 17 km.
Although the depth control on the main shock hypocenter is not as good as it is for most of the
others on the cross section, this observation suggests that the rupture began near the base of
the fault break and propagated primarily updip.

Space-time plots of the best-located hypocenters (Figure 2-9) show that, within the reso-
lution of the study, the entire aftershock zone became active shortly after the main shock.
Although no aftershocks were located southwest of the main shock epicenter during the first
several days of the sequence, the apparent expansion of the zone 2 km in this direction took
place shortly after the deployment of the portable telemetry stations. Thus, this apparent
southwest migration may be an artifact of the change in the station distribution.

Southern Wasatch Plateau

The plot of magnitude versus time for the southern Wasatch Plateau earthquakes (Figure
2-6) shows far fewer aftershocks than the plot for the San Rafael swell earthquakes (Figure 2-
5), even though the local magnitudes of the two main shocks are nearly identical. During the
one-year period following the southern Wasatch Plateau main shock, the University of Utah
located 59 aftershocks, all but four of which occurred during the two-month time period
covered by Figure 2-6. Sixteen of these aftershocks were of M 2 2.0 and only one exceeded
M; 2.8—an M| 4.2 aftershock that occurred nearly a month after the main shock on February
27, 1989, at 15:13 UTC and was felt in central Utah with a maximum MMI of V. The
corresponding aftershock totals for the San Rafael swell sequence are 202 locatable aftershocks
during the year after the main shock, including 40 of M 2 2.0 and two of M 2 3.0. For both
aftershock sequences, these totals include all earthquakes during these time periods that have
catalog epicenters within 15 km of that of the main shock, but the great majority of the relo-
cated epicenters for these events are within 5§ km of their respective main shock epicenters.

In order to evaluate this difference between the number of recorded aftershocks for the
southern Wasatch Plateau and San Rafael swell earthquakes, it is necessary to consider the size
of the smallest aftershocks that could be routinely located in the two aftershock zones, This
threshold size changed with time during both aftershock sequences as the number and distribu-
tion of stations changed, but was evidently higher, on the average, for the southern Wasatch
Plateau sequence than for the San Rafael swell sequence (compare Figures 2-5 and 2-6). This
difference is not surprising, given the sparser station distribution and the greater depth of the
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Fig. 2-8. Hypocentral cross section of the earthquakes in Figure 2-7, taken along line
A-A’ on Figure 2-7. Squares and circles as in Figure 2-7.
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Fig. 2-9. Space-time plots of the best-located carthquakes in the San Rafael swell earth-
quake sequence from Figures 2-7 and 2-8. The space coordinate of the top plot is the distance
along the strike of the inferred fault plane, i.c., along a line perpendicular to line A-A’ on Fig-
ure 2-7. The space coordinate of the bottom plot is hypocentral depth.



hypocenters in the southern Wasatch Plateau area. We believe that both lists of aftershocks
should be complete for at least M 2 2, however, and the difference in the number of M 2 2.0
aftershocks is a factor of 2%. Thus, it appears that the aftershock sequence for the southem
Wasatch Plateau earthquake was considerably less energetic than that of the San Rafael swell
earthquake, but a careful analysis of detection thresholds would be needed to rigorously
demonstrate this.

Figures 2-10 and 2-11 are a map and vertical cross section, respectively, of hypocenters
for the 33 best-located earthquakes of the southern Wasatch Plateau earthquake sequence. The
definition of "best-located" is the same as that used above for the San Rafael swell sequence.
The squares and circles distinguish, respectively, earthquakes that took place before and after
the first portable stations were installed in the area. For all but one of the earthquakes indi-
cated by the circles, the epicentral distance of the closest station used in the location was
between 1 and 20 km and was less than one focal depth.

The epicenters of the best-located southem Wasatch Plateau earthquakes form a discon-
tinuous NNE-trending zone approximately 8 km long. In cross section, the hypocenters define
an aftershock zone dipping 90° £+ 10° between 21 and 25 km depth. The location of the main
shock hypocenter near the center of the base of the aftershock zone suggests upward and bila-
teral propagation of the rupture. However, the depth of the southemn Wasatch Plateau main
shock is not particularly well constrained, given that the nearest station was 40 km away.
Space-time plots of the best-located hypocenters imply that the entire aftershock zone became
active immediately after the main shock (Figure 2-12).

A swarm of 59 locatable earthquakes—including 20 of 2.0 € M, < 2.8—took place dur-
ing April and May of 1990 in a small (< 6 km diameter) area centered 15 km SE of the 1989
main shock epicenter (Figure 24). An M, 3.2 earthquake and three smaller events followed
later that year in this same area. We do not consider these earthquakes to be aftershocks, at
least in the ordinary sense of the word, because of their clear space-time separation from the
activity immediately following the 1989 main shock. To our knowledge, there are no operat-
ing coal mines in the vicinity of the 1990 swam.

FOCAL MECHANISMS

Focal mechanisms of earthquakes in the San Rafael swell and the southemn Wasatch Pla-
teau are difficult to constrain from P-wave first motion data because they are near the eastern
edge of the University of Utah seismic network. In order to augment the azimuthal coverage
of the University of Utah network, we obtained data from seismograph stations in Utah,
Colorado, New Mexico, Arizona, and Nevada that are operated by other institutions. We
attempted to determine focal mechanisms for all four earthquakes in the San Rafael swell 4
sequence of M; 2 3.0, plus an My 2.9 foreshock, but could obtain acceptably well-constrained
solutions only for the main shock and for the largest aftershock. We also determined focal
mechanisms for the southern Wasatch Plateau main shock and its largest aftershock. The rest
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Fig. 2-10. Epicenter map of the 33 best-located earthquakes in the southemn Wasatch Pla-
teau earthquake sequence from January 23, 1989, through January 30, 1990. The selection cri-
teria are the same as for Figure 2-7 (see text). Circles indicate earthquakes that occurred after
the first portable stations were installed, and squares indicate earlier events. Symbol sizes are
scaled by magnitude as shown. Portable seismograph stations, operated during the period
January 31 to February 8, 1989, are represented by triangles, and two portable telemetry sta-
tions, deployed from February 8 until May 25, 1989, are represented by inverted triangles.

The eastemmost temporary telemetry station was converted to a permanent station and is still
operating as of December 1991. The line A-A’ shows the direction of the cross section in Fig-
ure 2-11. W is the location of the petroleum exploration well where the sonic logs used to
determine the uppermost part of the southern Wasatch Plateau velocity model were measured
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Fig. 2-11. Hypocentral cross section of the earthquakes in Figure 2-10, taken along line
A-A’ on Figure 2-10. The cross section line A-A” is perpendicular to the strike of the pre-
ferred (N 20° E-striking) nodal plane of the focal mechanism for the southern Wasatch Plateau
main shock shown in Figure 2-13. Squares and circles as in Figure 2-10.
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Fig. 2-12. Space-time plots of the best-located earthquakes in the southemn Wasatch Pla-
teau earthquake sequence from Figures 2-10 and 2-11. The space coordinate of the top plot is
the distance along the strike of the inferred fault plane, i.e., along a line perpendicular to line
A-A’ on Figure 2-10. The space coordinate of the bottom plot is hypocentral depth.



of the southen Wasatch Plateau aftershocks are 100 small for focal mechanism determination
with the available station coverage. As a check on the validity of the takeoff angles calculated
from the master-event locations and the velocity models in Table 2-3, we plotted reduced P-
wave travel time versus distance for the two main shocks and their largest aftershocks (see
Bjarnason and Pechmann, 1989). For all four of these earthquakes, the agreement between the
observed and theoretical arrival times is acceptable out to distances of at least 300 or 400 km,
implying that the locations and velocity models are adequate for the focal mechanism calcula-
tions.

The focal mechanism for the San Rafael swell main shock (upper left, Figure 2-13)
shows oblique-normal faulting, with the left-lateral nodal plane striking between 20° and 42°
and dipping between 45° ESE and 80° SE. This nodal plane has an orientation similar to that
of the aftershock zone (Figure 2-8) and is therefore assumed to be the fault plane. The data
restrict the rake angle on this plane to lie between -20° and -60° (following the sign convention
for rake angle of Aki and Richards, 1980, p. 106). The tension (T) axis of the main shock
focal mechanism has a shallow plunge and an azimuth within 25° of E-W. The focal mechan-
ism for the largest San Rafael swell aftershock (upper right, Figure 2-13) is somewhat better
constrained than that of the main shock because of the availability of first motion readings
from two of the portable seismographs. This mechanism indicates oblique-normal faulting on a
plane that dips either to the E or SW, and has a shallowly-plunging T axis oriented N60°E -
S60°W (£10°).

The focal mechanisms for the southern Wasatch Plateau main shock and its largest aft-
ershock (bottom row, Figure 2-13) both show dominantly strike-slip faulting, with the left-
lateral nodal plane striking NNE. On the basis of the aftershock distribution, we again choose
the left-lateral nodal plane of the main shock as the fault plane. The first motion data constrain
this plane to have a strike of 20° + 10°, a dip of 79° £ 15°, and a rake angle between -25° and
+10° (the rake angle of the solution shown is -10°). Our focal mechanism for the southemn
Wasatch Plateau main shock agrees very well with a focal mechanism for this earthquake
determined by moment tenor inversion of very long-period teleseismic body waves (Harvard
solution published by the U.S. Geological Survey, 1989): strike = 25°, dip = 90°, and rake =
0°. The seismic moment resulting from this inversion is 1.1 X 10%* dyne-cm. The T axis for
the main shock focal mechanism has a shallow plunge and trends ENE-WSW. The T axis for
the aftershock focal mechanism also has a shallow plunge and a trend constrained by the first-
motion data to lie between E-W and ENE-WSW.

DISCUSSION

Focal Depths

The depths of the San Rafael swell and southern Wasatch Plateau earthquakes place both
shocks near the middle of the 40-km-deep crust of the Colorado Plateau (Table 2-3) and well
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Fig. 2-13. Focal mechanisms for the 1988 San Rafael swell earthquake (SRS MS) and
its largest aftershock (SRS AS), and for the 1989 southem Wasatch Plateau earthquake (SWP
MS), and its largest aftershock (SWP AS). P-wave first motions are plotted on lower hemi-
sphere equal area projections, with compressions shown as solid circles and dilatations as open
circles. Smaller circles indicate readings of lower confidence. The triangles show slip vectors
and P and T axes. The dashed contours show the error bars on the slip vectors, allowing up to
one good or two lesser-quality readings in error. On the basis of the aftershock distributions,
we choose the left-lateral (north-northeast- to nonﬁeast-smkjng) nodal plane of each main

shock as the fault plane.
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within the Precambrian basement (Figure 2-3). The depth ranges of the aftershocks suggeét
that the main shock ruptures did not propagate to the surface. The fact that no surface faulting
was observed after either earthquake supports this inference. However no one, to our
knowledge, thoroughly searched either of the epicentral areas. The apparent absence of surface
faulting is consistent with a typical threshold magnitude of about 6.0 to 6.5 for surface faulting
in the Utah region (Arabasz et al., 1987). '

Both the San Rafael swell and southern Wasatch Plateau events are unusually deep for
earthquakes in the Intermountain Seismic Belt. In the Intermountain Seismic Belt in north-
central Utah, the depth above which 90 percent of the well-constrained focal depths lie ranges
from 11 to 17 km, with very few events occurring as deep as 25 km (Arabasz et al., 1987). In
contrast, earthquakes with focal depths of up to 30 km are common in the interior of the
Colorado Plateau in southeastern Utah, and events with focal depths as deep as 58 km have
been reported there (Wong and Humphrey, 1989).

Wong and Humphrey (1989) and Wong and Chapman (1990) explain the unusually deep
seismicity in the central Colorado Plateau as a consequence of the relatively low heat flow in
this region, which presumably increases the depth to the brittle-ductile transition. Examination
of local heat flow data shows that this explanation also applies to the San Rafael swell earth-
quake, because it occurred within the relatively low heat flow thermal interior of the Colorado
Plateau. The mean of six heat flow measurements by Bodell and Chapman (1982) from sites
within 20 km of the epicenter of the San Rafael swell main shock is 61 mW/m?, with a stan-
dard deviation of 6 mW/m?2. This mean heat flow is essentially the same as that which Bodell
and Chapman (1982) calculate for the interior of the Colorado Plateau. Using a heat flow of
61 + 6 mW/m? and the average continental geotherms given by Wong and Chapman (1990),
the estimated temperatures within the aftershock zone of the San Rafael swell earthquake range
from 180 to 360° C. These temperatures are below the maximum temperature for earthquake
occurrence in the crust of 350 £ 100°C that has been suggested by various investigators (e.g.,
Brace and Byerlee, 1970; Chen and Molnar, 1983).

The depth of the southen Wasatch Plateau earthquake is more difficult to reconcile with
the heat flow data, because this earthquake occurred within the relatively warm thermal peri-
phery of the Colorado Plateau where the heat flow is 80 to 90 mW/m? (Bodell and Chapman,
1982; Eggleston and Reiter, 1984). The closest heat flow measurement to the earthquake is a
value of 82 + 16 mW/m?, calculated by Eggleston and Reiter (1984) from temperatures meas-
ured at depths of 3734 and 5107 m in a petroleum exploration well located 9.5 km NNE of the
relocated epicenter. Three heat flow measurements by Bodell and Chapman (1982) from loca-
tions 30 to 32 km east of the epicenter range from 75 to 116 mW/m? and average 92 + 21
mW/m? (one S.D error bar). For a heat flow of 80 to 90 mW/m?, the average continental
geotherms of Wong and Chapman (1990) predict temperatures within the aftershock zone of
the southern Wasatch Plateau earthquake to be 520 to 690° C. These estimated temperatures
are well above the typical threshold temperature for earthquake occurrence. If these tempera-



tures are correct, then other factors must be responsible for the exceptionally deep brittle-
ductile transition beneath the southern Wasatch Plateau, perhaps high strain rate or unusual
minerology.

Rupture Dimensions

Aftershocks that occur within the first few days following an earthquake are usually
observed to cluster on or near the main shock rupture surface, at least in cases where the
dimensions of the rupture can be determined independently from surface faulting, geodetic
data, or other seismological observations. Such clustering can occur even when most of the
aftershocks represent movement on subsidiary faults instead of additional slip on the main fault
(Richins et al., 1987; Oppenheimer, 1990). Consequently, when the initial aftershock zone of
an earthquake defines a planar surface, the orientation and size of this surface is generally
believed to be indicative of the orientation and size of the main shock rupture.

Based on the aftershock distribution and focal mechanism for the San Rafael swell earth-
quake, we infer that this earthquake resulted from a combination of left-lateral and normal slip
on a fault segment with a strike between NNE and NE, a dip of about 60° ESE, a depth extent
from 11 to 18 km, and approximate dimensions of 5 km along strike and 7 km downdip (Fig-
ures 2-7 to 2-9, 2-13). Similarly, we infer that the southern Wasatch Plateau earthquake
resulted from primarily left-lateral slip on a fault segment with a NNE strike, a near-vertical
dip, a depth extent from 21 to 25 km, and approximate dimensions of 8 km along strike and 4
km downdip (Figures 2-10 to 2-13). Altematively, the length along strike of the southern
Wasatch Plateau fault break could be interpreted to be as short as 3 km, the length of the cen-
tral continuous part of the aftershock zone adjacent to the main shock epicenter (Figures 2-10,
2-12).

Our estimates of the rupture areas for these earthquakes are based on the aftershock zones
defined by the best-located hypocenters determined in this study. These hypocenters constitute
429% and 57% of the total number of hypocenters that we were able to relocate for the San
Rafael swell and southern Wasatch Plateau earthquake sequences, respectively. The aftershock
zones defined by the complete sets of relocated hypocenters are somewhat larger, but less well
defined, due to the inclusion of hypocenters with larger location errors.

The rupture dimensions that we are inferring for the San Rafael swell and southemn
Wasatch Plateau earthquakes appear to be reasonable for events of this size (e.g., see Wells et
al., 1992). Although surface faulting from earthquakes in the lower-magnitude-five range is
rare, two unusually shallow strike-slip earthquakes in this magnitude range in the Mojave
Desert of California produced clear tectonic surface ruptures with lengths comparable to those
that we are inferring for the 1988 and 1989 main shocks in the Colorado Plateau. The June 1,
1975 (UTC), Galway Lake earthquake of My 5.0 (Hutton et al., 1985) was accompanied by
surface rupture along a 6.8-km-long zone, with right-lateral displacements of up to 1.5 cm on
individual fractures (Hill and Beeby, 1977). The March 15, 1979, Homestead Valley
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earthquake of M 5.3 (Hutton et al,, 1985) caused right-lateral surface slip of up to at least 10
cm on a 3.25-km-long fault break (Hill et al., 1980). Measurements of source durations for
carthquakes with moments similar to that of the M 5.4 southern Wasatch Plateau earthquake
(-1024 dyne-cm) are typically in the range 0.5 to 1.5 sec, which give model-dependent sourcc
diameter estimates of ~1-4 km (e.g., Somerville et al., 1987).

Stress Drops

If the stress drop caused by a strike-slip earthquake on a buried, rectangular, vertical fault
is assumed to be constant everywhere on the rupture surface, then this stress drop, AG, can be
calculated from the equation

Ac = CMy/LW?

where M = seismic moment, L. = rupture length, W = rupture width, and C is a dimensionless
factor that depends on the ratios L/ W and h/W, h being the depth of the upper edge of the
fault (Boore and Dunbar, 1977). For the southem Wasatch Plateau earthquake,

My=1.1X 10** dyne-cm (U.S. Geological Survey, 1989) and from the aftershock distribution,
L =3to8 km, W=4km, and h = 21 km. If L = 8 km, then from Figure 1 of Boore and
Dunbar (1977), C = 1.37 and the calculated stress drop is 12 bars. To calculate an approxi-
mate upper-bound stress drop, we set L = 4 km instead of 3 km because Boore and Dunbar do
not give C values for L/W < 1. For L =4 km, C = 2.08 and the calculated stress drop is 36
bars. Our stress drop estimate of 12 to 36 bars for the southem Wasatch Plateau earthquake
falls within the lower end of the range of stress drops typically observed for intraplate earth-
quakes (ten to several hundred bars; see, for example, Kanamori and Anderson, 1975, and
Somerville et al., 1987). It is not possible to calculate the stress drop for the San Rafael swell
earthquake without a measurement of its seismic moment. However, its stress drop is probably
similar to that of the southern Wasatch Plateau earthquake, since the local magnitudes of the
two earthquakes are nearly identical and the estimated rupture dimensions are comparable.

Implications for Regional Tectonics and Earthquake Hazards

The focal mechanisms for the San Rafael swell and southern Wasatch Plateau earth-
quakes provide new information to help piece together the present-day stress state and kinemat-
ics of deformation in the northwestern Colorado Plateau. Figure 2-14 compares the compres-
sion (P) and tension (T) axes of the main shock focal mechanisms with compilations of these
parameters for earthquakes in the Basin and Range—Colorado Plateau transition zone (left plot,
from Arabasz and Julander, 1986) and in the interior of the Colorado Plateau (right plot, from
Wong and Humphrey, 1989). The plot of P and T axes for the Basin and Range—Colorado
Plateau transition zone indicates a mixture of strike-slip and normal faulting with an approxi-
mately ESE-WNW extension direction. The plot for the Colorado Plateau interior indicates
predominantly normal faulting with a NE-SW extension-direction. The T axes for the San
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P and T Axes from Focal Mechanisms
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Fig. 2-14. Summary plots of P and T axes from earthquake focal mechanisms. Bold
letters identify P and T axes for the southem Wasatch Plateau main shock (left diagram) and
the San Rafael swell main shock (right diagram). The dashed contours around the bold P and
T axes show error bars on their orientations, allowing up (0 one good or two lesser-quality
reading in error.
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Rafael swell and the southern Wasatch Plateau earthquakes are both intermediate in trend
between the extension directions for the transition zone and the Colorado Plateau. This obser-
vation suggests that in the vicinity of the eastern boundary of the transition zone, where these
two earthquakes occurred, the extension direction rotates progressively counter-clockwise going
towards the southeast, i.e., towards the center of the Colorado Plateau.

To put the 1988 and 1989 earthquakes into a regional perspective, Figure 2-15 summar-
izes our current understanding of contemporary seismotectonic deformation in Utah as inferred
from both earthquake focal mechanisms and geological studies. Along the Wasatch Front in
northern Utah (the boundary between the Basin and Range Province and the Middle Rocky
Mountains), the crust is well known from geological and seismological observations to be
undergoing E-W extension. The extension in this region is accommodated primarily by normal
and oblique-normal faulting (Jones, 1987, Eddington et al., 1987; Bjamason and Pechmann,
1989; Zoback, 1989; Patton and Zandt, 1991). In the Basin and Range—Colorado Plateau tran-
sition zone, both focal mechanism data (Figure 2-14; see also Bjarnason and Pechmann, 1989;
Patton and Zandt, 1991) and geologic studies of Pleistocene and Holocene faults (Anderson
and Bamhard, 1987) indicate a mixture of normal, oblique-normal, and strike-slip faulting with
an E-W to ESE-WNW extension direction. In the interior of the Colorado Plateau, focal
mechanisms show predominantly normal faulting with a NE-SW extension direction (Figure 2-
14). There is no corroborative geological evidence for this NE-SW extension that we are
aware of. However, volcanic dike trends, cinder cone alignments, and hydrofracture measure-
ments from near the northern and southem edges of the Colorado Plateau are consistent with a
NNE-SSW orientation for the least principal stress axis (Zoback and Zoback, 1980). In the
northwest comer of the Colorado Plateau, the shallow mining-related earthquakes that were dis-
cussed earlier have mostly reverse focal mechanisms with variable P-axis orientations (Smith ct
al., 1974; McKee, 1982; Williams and Arabasz, 1989; Wong and Humphrey, 1989)

The focal mechanism diagrams and solid arrows in Figure 2-15 illustrate what the results
of our analyses of the San Rafael swell and the southern Wasatch Plateau earthquakes have
contributed to the picture. We consider these earthquakes to be of particular tectonic
significance because of their relatively large size (M 5.3 and 5.4) and their unusual mid-
crustal focal depths (17 and 25 km). The fact that both involved large amounts of left-lateral
slip on NNE- to NE-striking faults suggests the possibility of large-scale left-lateral shear at
depth beneath the northwestern Colorado Plateau (solid arrows, Figure 2-15). Although
strike-slip focal mechanisms have been observed previously for other earthquakes in the Basin
and Range~Colorado Plateau transition zone (Figure 2-14; Arabasz and Julander, 1986; Bjama-
son and Pechmann, 1989), those other earthquakes were much smaller M. < 4.4) and shal-
lower (focal depths < 10 km). Anderson and Bamhard (1987) interpreted those strike-slip
earthquakes and the strike-slip faults that they discovered in their geologic field studies in the
transition zone to represent only shallow deformation above upper crustal detachments. But it
now appears that there is deep-seated left-lateral strike-slip movement taking place beneath the
northwestern Colorado Plateau on faults that are roughly parallel to the northwest boundary of
the province (Figure 2-15). This left-lateral motion may be a kinematic adjustment to the
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Fig. 2-15. Schematic summary of contemporary seismotectonic deformation in Utah as
inferred from earthquake focal mechanisms and geological observations (see text for sources of
information). Thin solid lines show boundaries of physiographic provinces from Stokes
(1986), labeled as in Figure 2-4. The open arrows show extension and compression directions
in regions dominated by normal and reverse faulting, respectively. The open arrow with the
heavy dashed line through it indicates the extension direction in a region of mixed normal,
oblique-normal, and strike-slip faulting. Focal mechanisms for the 1988 San Rafael swell and
the 1989 southern Wasatch Plateau earthquakes are also shown, with the compressional qua-
drants shaded. The solid arrows illustrate the north-northeast lefi-lateral shear that we are
inferring to exist at mid-crustal depths beneath the northwestern Colorado Plateau, based on the
results of this study.
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approximately 45° to 55° rotation in extension directions between the eastemn edge of the Basin
and Range Province and the interior of the Colorado Plateau (Figure 2-15).

Hamilton (1988) has proposed that the Colorado Plateau rotated ~3° clockwise relative to
the interior of the North American Continent during the middle and late Cenozoic opening of
the Rio Grande Rift on the southeastern margin of the Colorado Plateau (Figure 2-1). The
latest phase of extension across the rift, and the one primarily responsible for its present struc-
ture and geomorphology, occurred primarily during the late Miocene (10 to 5 m.y. ago), with
minor E-W extension continuing to the present (Morgan et al., 1986; Baldridge and Olsen,
1989). The basis for Hamilton's rotation hypothesis is the observation that the extensional ter-
rain of the rift narrows northward from southern New Mexico to the northern end of the rift in
central Colorado. This observation suggests that separation between the Colorado Plateau and
the continental interior has occurred about an Euler pole of rotation that is located near the
northern terminus of the rift in central Colorado (Hamilton, 1988). If the current pole of rota-
tion is in south-central Colorado or north-central New Mexico, and if the Basin and Range
Province in Utah is rotating more slowly than the Colorado Plateau, or not at all, then left-
lateral shear would occur along the NNE- to NE-trending boundary between the Colorado Pla-
teau and the Basin and Range Province in Utah. Note that this scenario is not incompatible
with the NE-SW extension of the interior of the Colorado Plateau inferred by Wong and Hum-
phrey (1989) from focal mechanism data. This NE-SW extension represents internal deforma-
tion of the Colorado Plateau block, which could occur, for instance, if the northeastern part of
the Colorado Plateau is rotating slightly faster than the southwestern part.

The 1988 and 1989 earthquakes in the northwestern Colorado Plateau could not easily
have been anticipated on the basis of either late Quaternary faulting or historical seismicity in
the epicentral areas. The San Rafael swell earthquake occurred in an area where there was
very little recorded seismicity before 1988 and where there is no known Quaternary surface
faulting. It is possible that this earthquake occurred on a subsurface extension of one of the
NE-striking faults which displace Cretaceous and older sedimentary rocks in the area (Hintze,
1980; Figure 2-2). If any of these faults have had Quaternary movement at the surface, it
might be difficult to identify since there are few Quaternary deposits in the San Rafael swell.
Most of the prior instrumental seismicity in the vicinity of the southem Wasatch Plateau earth-
quake was at shallower (but poorly constrained) focal depths. Although there are post-Eocene
faults extending the length of the Wasatch Plateau, and some of them appear to be still active,
the sense of motion on these fault is normal and not strike-slip. These normal faults in the
Wasatch Plateau form a series of N-S-striking, right-stepping, en-echelon graben, which are
typically 10 to 30 km wide (Figure 2-2). The focal mechanisms of the southern Wasatch Pla-
teau and San Rafael swell earthquakes raise the possibility that these en-echelon graben may
have formed as a result of stresses induced in the near-surface sedimentary rocks by left-lateral
displacements on NNE- to NE-striking faults in the underlying Precambrian basement. In such
a case, the grabens would be surficial features confined to the sedimentary rocks in the upper-
most 10 km or so of the crust (Figure 2-3). These grabens might be separated from the
strike-slip faults in the Precambrian basement by a low-angle detachment fault like the one
interpreted (with some uncertainty) by Allmendinger et al. (1986) from seismic reflection data.



Earthquakes of moderate size (S < M < 6.5) are capable of causing considerable damage
in urban areas, as evidenced by the M| 5.9 Whittier Narrows earthquake that struck southem
California on October 1, 1987 (Hauksson et al. 1988). Earthquakes in this size range can
occur without surface rupture on buried faults with no clear surface expression, as did the San
Rafael swell and southern Wasatch Plateau earthquakes. The occurrence of these two earth-
quakes emphasizes the potential for moderate but potentially damaging earthquakes on buried
faults anywhere in the Utah region—including the Colorado Plateau.

CONCLUSIONS

1. The 1988 M 5.3 San Rafael swell earthquake and the 1989 M; 5.4 southern Wasatch
Plateau earthquake were both caused by buried left-lateral or oblique left-lateral and normal
slip on NNE- to NE-striking faults in Precambrian basement rocks at mid-crustal depths. This
observation suggests that the crust beneath the northwestern Colorado Plateau may be undergo-
ing left-lateral shear in a NNE-SSW direction. Left-lateral shear at depth could explain some
of the complexities of the surficial tectonics in this region, such as the right-stepping, en-
echelon pattern of young, N-S-trending grabens in the sedimentary rocks of the Wasatch Pla-
teau.

2. Focal mechanisms for these two earthquakes and their largest aftershocks suggest a
local extension direction that is intermediate between the E-W to ESE-WNW extension direc-
ton of the Basin and Range—Colorado Plateau transition zone and the NE-SW extension direc-
tion of the interior of the Colorado Plateau.

3. The San Rafael swell main shock was preceded by a cluster of seven recorded earth-
quakes (M| < 2.5) which occurred seven months before the main shock, and by six immediate
foreshocks of M| < 3.8. The southern Wasatch Plateau earthquake was preceded by only one
possible recorded foreshock of M, 2.0, which occurred a week before the main shock.

4. Based on the aftershock distribution, we infer that the San Rafael swell main shock
took place on a 5 by 7 km fault break which dips approximately 60° ESE and extends from 11
to 18 km depth. Similarly, we infer that the southern Wasatch Plateau main shock took place
on a fault break 3 to 8 km long and 4 km wide which is nearly vertical and extends from 21 to
25 km depth.

5. The temperatures along the inferred rupture surface of the southern Wasatch Piateau
earthquake appear to be unusually warm for brittle rock failure. The stress drop estimated for
this earthquake is 12 to 36 bars, a value which lies within the normal range of stress drops for
intraplate earthquakes.

6. Moderate earthquakes (5 < M; < 6.5) on buried faults are a definite hazard in the
northwestern Colorado Plateau—as in the rest of Utah—even in places where there is no
recognized Quatemnary surface faulting and only sparse historical seismicity.
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APPENDIX

This appendix contains listings of the relocated hypocenters determined in this study for
earthquakes associated with the August 14, 1988, M| 5.3 San Rafael swell earthquake and the
January 30, 1989, M; 5.4 southem Wasatch Plateau earthquake. These listings include all
earthquakes in the University of Utah catalog which (1) had epicenters within 15 km of the
relocated epicenter for each main shock, (2) occurred during the year preceding or following
each main shock, and (3) had at least five P-wave arrival time picks. At the time that these
earthquakes were sorted from the catalog, the catalog was final through 1988 (see Nava et al.,
1990). The relocations were done with the computer program HYPOINVERSE (Klein, 1978)
using P-wave armrival times only, the stations and station corrections in Tables 2-1 and 2-2, the
velocity models in Table 2-3, elevation corrections calculated using the top layer velocity of
3.0 km/sec, and trial hypocenters of 39° 7.6 N, 110° 51.1” W, 14.1 km depth for the San
Rafael swell events and 38° 49.7° N, 111° 36.5° W, 23.2 km depth for the southern Wasatch
Plateau events. See text for further explanation.

The following data are listed for each earthquake:

. Year (YR), date and origin time in Universal Coordinated Time (UTC). Subtract seven
hours to convert to Mountain Standard Time (MST) and six hours to convert to Mountain
Daylight Time (MDT).

e  Earthquake location coordinates in degrees and minutes of north latitude and west longi-
tude, and depth in kilometers. "*" indicates poor depth resolution: no recording stations
within 10 km or twice the depth.

. MAG, the computed local magnitude ( M ) for each earthquake. "W" indicates magni-
tude based on peak amplitude measurements from Wood-Anderson records. Otherwise,
the estimate is calculated from signal durations and is more correctly identified as coda
magnitude, M . "--" indicates that a reliable magnitude estimate could not be made.

. NO, the number of P readings used in the solution.

° GAP, the largest azimuthal separation in degrees between recording stations used in the
solution.

. DMN, the epicentral distance in kilometers to the closest station used in the solution.
. RMS, the root-mean-square of the travel-time residuals in seconds:
r 11
., |3
Z [Wi RI]
RMS = { —— ¢
T

\ 4
where: R, is the observed minus the computed arrival time for the i-th reading, and W, is

the relative weight given to the i-th arrival time (0.0 for no weight through 1.0 for full
weight).
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814
814
814

814
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821
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821

821
821
821
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origin time

558
1405

‘1408

1409
1138

716
742
1858
1907
1912

1914
1918
1954
2003
2152

2219
149
153
632

1247

1450
1652

213
1827
2127

2143
2157
704
929
1244

1257
1437
1446
1719
2200

221
226
547
912
1043

1107
1158
1335
1435
2342

32.80
54.40
18.94
23.73
32.14

18.74
13.02
36.53
58.63
54.31

43.20
55.75
1.13
3.70
5.57

46.28
53.76
47.73

4.17
18.34

23.36
18.75
49.11
4.83
2.95

50.92
22.85
27.59
59.06
53.49

5.94
54.45
5742
46.82

1.23

8.69
46.81
25.74

9.95
30.37

52.27
15.52

7.77
40.24
37.71
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latitude
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6.79’
8.06
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8.39
7.52
7.65’
8.33’

8.05
6.53'
7.90
7.46
5.83°

797
6.73’
7.97
7.94'
6.87

7.38’
7.8
7.83°
8.95
7.59

8.19
8.49
8.50°
7.75
7.65°
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7.83
8.79’
10.32°
8.59’
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50.25°
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50.61’
50.46
47.76

51.67
51.62°
51.11°
52.16°
50.97

50.94
50.32’
50.43
51.05
51.01

51.07
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50.27
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51.35

51.42
51.14
51.44
51.84
50.53%’

51.09
51.22
49.93’
50.23’
50.69

50.94'
50.23’
52.56
50.92°
50.03’

depth

14.1
11.9
15.7
7.5%
14.9

14.0
12.0
16.8
17.3
10.5

16.2
6.6*
154
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24.6
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8.9*
5.5*%
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16.0
14.1
12.9
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11.1
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20.4
17.9
16.6

mag

L5
2.1
2.3
1.8
2.0

2.3
2.5W
2.9w
3.8W
2.3

2.6W
1.8
2.7
5.3wW
1.8
20
2.2
1.9
2.2
1.9

3.0W
2.7
2.9
2.1
24

22
1.7
2.1
2.0
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0.9
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0.6
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0.01
0.03
0.06
0.04
0.02
0.34
0.10
0.01
0.04
0.09

0.04
0.08
0.03
0.06
0.24
0.01
0.06
0.05
0.07
0.04

0.01
0.14
0.02
0.09
0.04

0.06
0.04
0.07
0.06
0.03

0.12
0.07
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0.05

0.09
0.03
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0.05
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date

823
823
823
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823

823
823
824
824
824

824
824
824
825
825

825
825
825
825
825

825
826
826
826
826

826
826
826
827
827

827
828
829
829
830

831
831
831
831
901

901
901
902
903
904

origin time

55
59
715
1055
1109

2010

2109
52
118
241

1642
2045
2245
26
47

1756
2032
2128
2136
2155

2333
113
856

1116

1927

1938
2243
2252
625
652

1750
2231

521
2057
1832

514
738
809
834
1532

1959
2326
2116
755
932

15.98
28.96
15.13
41.57
33.74

44.72
13.38
30.16
10.28
48.03

29.34
47.30
10.20
56.93
10.98

41.86
30.97
47.12
24.35
11.94

10.88
16.79
27.62
24,71
17.53

39.17
11.55
37.01
49.67
41.44

55.86
26.07
0.88
0.16
6.00

53.83
48.40
16.08
13.44
39.67

16.07
10.02
50.77
51.99
12.70

39°
39°
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latitude

6.11
6.33’

39° 14.49

39°
39°

39°
39°
39°
39°
39°

39°
39°
39°
39°
39°
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39°
39°
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39°
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39°
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39°
39°
39°
39°

7.27
5.94'

8.67
7.50
8.32'
9.64"
9.55

8.48’
8.15°
8.83’
7.83
7.87

7.24'

12.43’

8.94
7.46’
7.84'

7.53"
8.42
7.95
7.84
7.88’

7.12°
9.07
6.84'
8.72
7.16’

7.8%
8.57
7.93
7.83"
8.93’

6.73’
7.99
8.37
7.58
7.46

7.95
9.72
8.62
8.09
8.08’

longitude
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52.70
52.39
4494
52.25°
50.75

50.57
51.18
49.46’
49.10
49.40

52.01
51.23’
49.86
51.09
51.17

50.62°
47.05’
49.81’
51.08
51.61

51.10
51.19
50.7%
51.46
51.12°

50.10
50.08’
50.70
49.79
50.55

50.62°
50.84
50.72
50.72
49.70

50.76¢
50.73°
4991’
50.30°
50.9¢

5110
50.3%
49.99
51.08

51.24°

depth

154
16.2

6.3
20.8
174

135
17.5
18.3

9.6
11.2

8.4
124
14.3
13.1
13.3

14.6
30.2
15.2
14.2
12.5

14.0
13.1
14.1
14.1
14.0

16.5
15.1
144
15.5

155

13.7
11.9
14.0
16.2
15.5

11.2
13.2
15.4
15.7
14.3

13.6
13.1
237
13.6
12.1
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rms

0.04
0.08
0.30

0.06

0.06
0.03
0.05
0.03
0.01
0.03
0.04
0.01
0.04
0.01
0.01
0.06
0.07
0.02
0.05

0.03
0.03
0.02
0.02
0.03

0.02

0.01
0.02
0.03
0.04
0.03
0.03
0.03
0.02
0.05
0.02
0.03
0.02
0.10

0.09
0.04
0.03
0.05
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88
88
88
88
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88

88
88

88
88

88
88
88
88
88

88
88
88
88
88

88
88
88
88
88

88
88
88

88
88
88

88
88

date

907
907
909
911
912

913
915
915
916
920

921
923
923
925
925

925
930
930
930
930

930
1001
1001
1004
1004

1005
1008
1010
1011
1016

1021
1024
1025
1025
1025

1026
1101
1101
1101
1101

1102
1103
1106
1109
1109

origin time

404 44.44
420 51.02
547 40.70
123 40.93
2316 9.21

2314 58.04
719 54.43
859 17.72
209 12.68
1310 40.52

2028 13.74
1433 4044
2252 1.62
711 47.96
859 38.42

1143 11.96
645 42.29
810 50.98
1127 0.28
1130 35.46

1138 58.00
248 10.02
1844 49.77
1323 6.82
1508 1.06

858 37.01
104 52.76
246 51.40
2306 17.95
650 8.80

754 35.47
1954 12.39
808 47.34
1633 15.51
1929 27.08

329 51.24
331 52.11
612 54.18
1114 13.92
2220 45.52

1549 1.13
518 0.28
423 4091
442 17.58

1353 52.10

San Rafael Swell, Utah, Earthquake Sequence

latitude
39° 8.70/
39° 6.75
39° 949
39° 8.87
39° 7.68’
39° 7.07
39° 727
39° 757
39° 10.26
39° 8.9%’
39° 8.2%
39° 7.67
39° 8.09
39° 7.57
39° 8.25
39° 6.95
39° 933
39° 6.97
39° 8.58
39° 8.93
39° 8.95
39° 8.83°
39° 8.18"
39° 8.00
39° 7.39
39° 6.26
39° 986
39° 8.58
39° 8.7%
39° 7.93
39° 8.92
39° 8.95
39° 943
39° 8.73
39° 8.60°
39° 8.81
39° 7.79
39° 71.77
39° 7.77
39° 17.61
39° 17.83
39° 7.3%
39° 8.13
39° 6.71"
39° 7.76

longitude

110° 49.71
110° 49.77
110° 49.20°
110° 50.01°
110° 50.66

110° 50.27
110° 50.88’
110° 51.32
110° 48.32'
110° 49.43'

110° 51.18
110° 49.99
110° 50.48
110° 51.22
110° 51.44°

110° 50.26
110° 49.54
110° 50.94
110° 50.07
110° 49.72

110° 49.72°
110° 49.99
110° 51.26
110° 51.34’
110° 51.00

110° 49.9¢
110° 50.43°
110° 49.64°
110° 49.12
110° 50.49

110° 50.54
110° 51.6%
110° 50.52
110° 49.27
110° 49.2%

110° 49.3¢
110° 50.78’
110° 50.41°
110° 50.66'
110° 50.18°

110° 51.3§°
110° 51.4%
110° 51.37
110° 50.9¢
110° 50.85°

depth

14.7
17.8
14.4
14.4
15.1

16.8
143
13.2
19.1
14.6

13.3
14.8
15.0
14.0
12.9

16.5
16.8
14.2
14.9
15.0

15.1
14.0
127
12.9
10.3

17.2
23.6
15.3
15.6
14.4

12.8
10.9
13.0
15.5
15.5

15.3
14.9
15.6
14.6
15.4

13.1
13.1
13.1
15.5
14.6

mag
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1.1
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1.7
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115

73

90
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rms
0.01

0.0l
0.0l
0.02

0.03
0.01
0.01
0.03

0.01
0.01
0.02
0.02
0.01

0.02
0.0t
0.01
0.05

0.01
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0.05

0.07
0.06

0.02

0.09
0.05
0.06
0.01
0.0l
0.0l

0.09
0.0!
0.01
0.02
0.03
0.06
0.01
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San Rafael Swell, Utah, Earthquake Sequence

yr  date  origin time latitude longitude depth  mag no gap dmin rms
g8 1111 810 1629 39° 7.12° 110° 50.85" 143 1.1 5 102 2 00
88 1112 1331 2421 39° 6.78 110° 50.15° 16.5 1.5 6 101 1 0.0
88 1118 2307 11.23  39° 11.32" 110° 5043" 15.6 0.9 6 227 4 0.4
g8 1119 733 38.32 39° 1047 110° 5043" 17.1 1.6 7 141 3 003
88 1123 1631 3391 39° 721" 110° 5048 13.7 0.5 5 148 2 00
88 1126 1938 12.92 39° 8.177 110° 51.26° 145 09 5 190 4 0.0
88 1127 26 49.70 39° 7.76' 110° 5090 144 0.7 6 114 3 00!
88 1127 722 3727 39° 6.86° 110° 49.86" 174 1.5 6 103 2 0.0l
g8 1128 707 10.70 39° 8.71” 110° 49.21"° 154 0.8 5 135 1 0.

88 1129 1436 11.32 39° 821" 110° 51.21" 127 24 11 73 3 0
88 1202 359 11.21 39° 876" 110° 50.83° 129 1.0 7 146 3 003
88 1207 1228 29.42 39° 7.68" 110° 47.89° 31.1 0.8 5 105 3 007
88 1211 1329 32.06 39° 7.39° 110° 49.73° 154 0.6 5 134 3 002
g8 1219 29 1544 39° 7.89° 110° 50.88" 11.7 2.1 6 124 20 0.4
89 108 1710 22.62 39° 8.15 110° 51.5¢° 119 2.8 8§ 121 21 0.03
89 121 1029 5293 39° 6.81" 110° 51.90 45* 24 6 128 22 0
89 316 1516 20.09 39° 6.92" 110° 51.02" 142 29 6 129 21 0.01
89 321 1502 24.36  39° 7.84° 110° 50.78" 15.6 2.6 9 125 20 0.0
89 404 306 54.77 39° 6.86" 110° 50.63° 16.0 25 9 131 20 003
89 426 327 58.87 39° 877" 110° 50.08° 204 1.7 6 120 19  0.08
89 429 1429 53.71  39° 8.70° 110° 5127 110 1.9 7 119 21 0.07
89 514 942 15.11 39° 9.75" 110° 52.16" 11.8 2.2 7 113 22 0.06
89 514 1237 36.11 3%9° 9.68" 110° 5231 10.0* 1.8 6 112 22 003
89 520 425 43.63 39° 9.83" 110° 5249 10.5* 1.2 6 112 22 009
89 628 1805 14.58 39° 7.65" 110° 51.39° 12.0 23 8 125 21 0.08
89 714 2153 2223  39° 854" 110° 51.21 g.3* 25 7 121 20 007

number of earthquakes = 161

* indicates poor depth control
W indicates Wood-Anderson data used for magnitude calculation
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Southern Wasatch Plateau, Utah, Earthquake Sequence

yr date origin time latitude longitude depth mag no gap dmin rms
88 319 2312 36.70 38° 44.09° 111° 29.13 97* 1.8 9 139 52 0.25
88 320 209 7.78 38° 44.15° 111° 29.32’ 98* 20 8 139 52 0.50
88 1113 1605 19.09 38° 5544 111° 30.29 57 2.8 9 109 31 0.48
89 123 1320 39.19 38° 48.54" 111° 30.62° 7.5 20 10 102 43 0.36
89 130 406 22.82 38° 49.36° 111° 36.85° 24.7 54W 11 93 40 0.09
89 130 415 2.82 38° 4792 111° 37.14° 204* 19 12 93 43 0.05
89 130 419 33.08 38° 48.677 111° 33.15 215 1.1 8 160 42 0.11
89 130 422 2454 38° 51.60° 111° 34.51" 233 2.1 11 130 36 0.09
89 130 432 2045 38° 47.91° 111° 37.72" 19.8% 1.6 8 149 43 0.03
89 130 448 40.84 38° 49.76’ 111° 36.46" 20.8 2.0 12 92 39 0.16
89 130 538 8.40 38° 48.82" 111° 36.83° 23.1 1.4 5 151 41 0.07
89 130 605 18.11 38° 50.74" 111° 3543 264 14 5 156 38 0.02
89 130 610 21.26 38° 5224" 111° 3396 17.6* 1.7 9 131 35 0.12
89 130 618 1026 38° 47.86" 111° 3694 135% 1.8 8 126 43 0.12
89 130 627 1623 38° 49.67° 111° 3633 223 2.7 12 93 40 0.05
89 130 803 37.33 38° 49.14° 111° 36.83" 23.6 2.1 10 93 41 0.09
89 130 829 4691 38° 48.70" 111° 36.76° 22.5 0.8 10 92 41 0.13
89 130 829 53.83 38° 49.00" 111° 37.73" 15.0% 23 11 92 41 0.27
89 130 904 4192 38° 47.83° 111° 36.86" 219 1.8 7 126 43 0.07
89 130 1112 4.15 38° 49.62" 111° 3647 230 1.7 10 93 40 0.09
89 130 1240 2.55 38° 4779 111° 3736 219 2.5 11 92 43 0.08
89 130 1325 3597 38° 49.14° 111° 36.66" 22.6 1.7 8 152 41 0.04
89 130 1444 38.96 38° 48.32" 111° 3555 203* 1.6 7 154 42 0.06
89 130 1732 12.69 38° 49.84" 111° 3630 214 2.0 10 92 39 0.03
89 131 1043 4298 38° 47.07 111° 3496’ 19.3* 1.6 8 155 45 0.04
89 131 1617 2198 38° 49.677 111° 3657 224 2.3 11 93 8 0.07
89 131 2142 2.83 38° 4928 111° 3637 230 2.6 13 67 8 0.06
89 131 2255 6.74 38° 49.75° 111° 3640 228 2.3 13 53 8 0.08
89 201 642 5097 38° 49.39 111° 3645 228 1.7 15 68 8 0.05
89 201 905 19.63 38° 48.81" 111° 36.71" 222 1.2 11 62 8 0.06
89 201 1537 21.05 38° 51.06° 111° 3491" 230 1.5 10 93 4 0.09
89 201 1546 56.80 38° 49.60" 111° 36.59° 215 1.8 14 67 8 0.07
89 203 902 20.69 38° 49.32" 111° 34.39° 21.2 1.6 12 83 5 0.12
89 204 113 31.31 38° 4992 111° 36.38° 227 2.1 15 53 7 0.07
89 208 1029 36.27 38° 4795 111° 3745 158 1.6 9 149 13 0.10
89 209 1142 53.80 38° 49.77 111° 3629 215* 1.6 7 127 45 0.02
89 209 2124 35.62 38° 4991’ 111° 3641 239 1.5 8 67 3 0.01
89 214 1656 33.13  38° 49.69" 111° 36.50" 25.0 2.6 12 72 2 0.09
89 218 158 41.11  38° 50.59° 111° 27.3¢’ 4.0 1.6 8§ 131 8 0.18
89 219 1436 8.51 38° 48.100 111° 37200 220 1.8 11 80 2 0.04
89 220 1938 51.04 38° 4440 111° 40.14 160 1.0 7 105 9 0.11
89 222 506 1.78 38° 49.70° 111° 3597 244 1.1 7 114 3 0.05
89 224 17 1640 38° 49.21° 111° 3687 23.1 0.8 6 108 1 0.05
89 225 317 48.03 38° 4849" 111° 3747 224 1.3 6 97 | 0.13
89 227 1513 7.73  38° 49.42° 111° 37.04 24.1 42W 12 66 1 0.09
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89
89
89
89
89

89
89
89
89
89

89
89

date

227
227
305
305
305

306
312
314
318
324

414
514
126

origin time

1626
1741
1150
1931
1955

720
2321
904
948
515

251
2347
1451

50.11
54.19
12.86
42.82
30.91

51.76
38.96
29.45
22.88
33.58

26.00
1.72
59.53

W indicates Wood-Anderson data used for magnitude calculation

Southern Wasatch Plateau, Utah, Earthquake Sequence

latitude

38°
38°
38°
38°
38°

38°
38°
38°
38°
38°

38°
38°
38°

49.26
49.61
45.68
51.22
51.35°

48.39
46.37
48.33’
49.5%'
49.99

55.25°
50.22
47.44

longitude depth  mag
111° 36.74" 235 2.2
111° 36.44" 23.1 1.6
111° 33.69° 199 24
111° 34.69" 24.6 1.3
111° 34.64" 248 1.2
111° 30.21 55 1.3
111° 34.65 75 2.8W
111° 3845 21.8 0.9
111° 3643 223 1.9
111° 36.56" 21.9 1.5
111° 31.93° 236 1.9
111° 36.02" 244 1.1
111° 3850 225 1.8
number of earthquakes = 58

* indicates poor depth control
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3. THE 1988 BEAR LAKE, UTAH, EARTHQUAKE

ABSTRACT

On November 19, 1988, an M; 4.8 earthquake occurred near the Utah-Idaho border
approximately 5 km west of Bear Lake. Historically, this region was the site of an earthquake
of estimated magnitude 6 in 1884, believed to have occurred in the Bear Lake Valley. An Mp
2.6 foreshock occurred S minutes before the 1988 main shock. Twenty aftershocks of magni-
tude 2.0 and larger occurred from November 1988 through June 1989, with the largest (M,
4.3) occurring 18 minutes after the main shock.

The University of Utah Seismograph Stations deployed five portable seismographs, within
12 km of the main shock epicenter, from November 20 through November 23 (severe snow
conditions precluded longer monitoring). We used data from these stations and from the
University of Utah’s regional seismic network to relocate the Bear Lake earthquakes with a
local velocity model and station delays determined from well- located aftershocks. Focal depths
are poorly constrained, but the best-located hypocenters lic between 7 and 12 km depth. A
preliminary focal-mechanism for the main shock indicates normal faulting, possibly with a
strike-slip component of motion, on one of two possible fault planes: one is nearly vertical,
with a north-south strike; the other has a dip of less than 38°, and perhaps as small as zero, but
has a poorly-constrained strike.

INTRODUCTION

At 19:42 UTC (12:42 p.m. MST) on November 19, 1988, an M, (local magnitude) 4.8
earthquake occurred along the Utah-Idaho border, 5 km west of Bear Lake (Figure 3-1). The
earthquake was felt throughout northern Utah and southeastern Idaho, with a maximum
Modified Mercalli Intensity of V (U.S. Geological Survey, 1988).

This report presents the results of an aftershock study carried out following the earth-
quake, along with a focal mechanism for the main shock. The preferred focal mechanism
shows normal faulting on a fault that is either nearly vertical with a N-S strike or nearly hor-
jzontal. Unfortunately, we were unable to resolve the causative fault plane from the aftershock
locations.

GEOLOGICAL SETTING

The 1988 Bear Lake earthquake took place in the Middle Rocky Mountains physiographic pro-
vince in a region cut by NNE- to NNW-striking Quaternary normal faults (Figure 3-1, Evans,



z

20 km
[[a ] Quaternary sediments Jurassic and Triassic rocks
Tertiary Salt Lake Fm. [»_] Paleozolc rocks
Tertiary Wasatch Fm. Proterozolc rocks

[:E:] Cretaceous rocks

Fig. 3-1. Generalized geologic map of northem Utah, southern Idaho, and western
Wyoming from Evans (1991). Major normal faults are indicated by heavy solid lines. The
epicenter of the 1988 ML 4.8 Bear Lake earthquake is shown as a square.



1991; Hecker, 1991). The epicenter of the earthquake is 18 km W of the surface trace of the
active Bear Lake fault, a major W-dipping normal fault that follows the eastern shore of Bear
Lake. Evans (1991) interprets the Bear Lake fault to be a listric normal fault which probably
soles into the Sevier-age (Cretaceous) Meade thrust fault at depth (Figure 3-2). Evans bases
his interpretati'on on an E-W-trending seismic reflection profile along the northern shore of
Bear Lake. This same reflection profile also shows a zone of steeply-dipping normal faults at
depths of 4 to 11 km in the hanging wall of the Meade thrust (Figure 3-2). Evans (1991)
believes it likely that these faults extend southward along the strike direction of the regional
structure into the vicinity of the epicenter of the 1988 earthquake. We refer the reader to
Evans (1991) for further information on the geology of the Bear Lake region and its relation-
ship to seismicity.

PRIOR SEISMICITY

Regional Seismicity

The 1988 Bear Lake earthquake occurred in a region of low to moderate seismicity
within the Intermountain Seismic Belt (Smith and Arabasz, 1991; Figure 3-3). The largest
earthquake to occur within 25 km of the 1988 shock took place on November 10, 1884, at
08:50 UTC. The 1884 earthquake was felt strongly in Idaho, Utah, and Wyoming over at least
15,000 km2 (Williams and Tapper, 1953). Descriptions of damage, MMI = VIII, and reports
of at least 6 shocks felt at Paris, Idaho, in the Bear Lake Valley led Arabasz and McKee
(1979) to assign an epicenter at 42° 0" N, and 111° 16’ W, arbitrarily on the Idaho-Utah border
astride the active Bear Lake fault. They estimated a magnitude of 6.3 for this earthquake from
a relationship between MMI and magnitude developed by Gutenberg and Richter (1956).
According to Smith and Arabasz (1991), a magnitude of at least 5% seems likely for the 1884
earthquake.

From July 1962, when the University of Utah regional seismic network began operating.
through November 18, 1988, the University of Utah located 24 earthquakes of M = 2.0 and 4
earthquakes of M 2 3.0 with epicenters within 25 km of that of the 1988 main shock. The
most notable of these events was the ML (local magnitude) 5.7 Cache Valley earthquake that
occurred on August 30, 1962. Westaway and Smith (1989), relying on aftershock locations by
Westphal and Lange (1966), revised the location of the 1962 Cache Valley epicenter to 13 km
south of the University of Utah catalog location shown on Figure 3-3. Their revised epicenter
for the earthquake is 23 km WSW of the 1988 main shock.

A prominent feature of the 1962-1988 seismicity in the Bear Lake region (Figure 3-3) is
a linear band of earthquakes that trends roughly N-S undemeath the Bear River Range near
111° 40’. At approximately 41° 48’ N lalitude the scismicity of the band appears to diverge 1o
the east and west, continuing northward along two linear zones. The eastemn branch trends
towards the location of the 1988 Bear Lake sequence.

83



"1-€ aun3iy
uo ,y-v ourl SUofe (1661) SUBAZ WO UONDIS-SS0ID [eIIB0[03 PIZIEINA) "T-E 314

/|

’ Vol
A -

-----

YLIOU O UOROSS SRUSIS WOy /
syney Bupddip Adems josuoz £/ —

Hne) oBpry exchure .

wezo -aL '
| -1 oNNG WPY MIEND URRErY oc I
e



85

o]
0, ©
Do °
o
O
°
0
o
o
o}
o
Oe o
o
° o

MAGNITUDES
0 ¢
] t 0O«
8 .
© o] 2 0
8 o O 3 0+
o
Ocp:g\ O 4 0+
9) O 5 0+
e n O 6 0+
o o °
Great Salt Lake
. ° d A . ° .
{ / no ¢ O. o 20 L (-]
- FVETERTE IV P TWOeEI
L° a9 ° L%

Fig. 3-3. Earthquake epicenter map of the region shown in Figure 3-1. The squares
represent epicenters of earthquakes from 1850 through June 1962 (Arabasz et al., 1979). The
circles represent earthquake epicenters located by the University of Utah Seismograph Stations
from July 1962 through December 1988 (Arabasz et al., 1979; Richins et al., 1981, 1984,
Brown et al., 1986; Nava et al.,, 1990). Both the circles and squares are scaled by magnitude.
The solid lines represent Quaternary faults from Hecker (1991 and personal communication)
and Witkind (1975). The solid triangles show stations of the University of Utah regional
seismic network operating in November 1988.



Seismicity in the Epicentral Area

The area within 5 km of the University of Utah catalog epicenter for the 1988 Bear Lake
earthquake (Nava et al., 1990) has been seismically active since at least the mid-1970’s, when
the University’s regional seismic network was significantly upgraded and expanded. Within
this 5-km-radius area, the catalog lists 9 earthquakes of M, (coda magnitude) < 1.6 from 1975
through 1985, an M, 3.5 earthquake on October 18, 1986, a cluster of four earthquakes of 0.8
< M, < 2.4 on March 24, 1987, an M, 2.0 earthquake on January 20, 1988, and an earthquake
of My, 2.6 on November 19, 1988, that occurred (as a foreshock) at 19:37 UTC, five minutes
before the M; 4.8 main shock.

The pattern of seismic activity observed during the two years prior to the 1988 Bear Lake
main shock—an earthquake cluster or swarm, followed by relative quiescence, and then a
foreshock—is similar to the pattern of activity observed before the 1988 San Rafael swell
earthquake and a number of other main shocks elsewhere in the world (see Chapter 2 of this
report). However, the time interval between the "precursory swarm" and the subsequent main
shock was twenty months for the Bear Lake earthquake, versus seven months for the San
Rafael swell earthquake. In the case of the Bear Lake earthquake, the significance of the
swarm is more debatable given the previous seismicity in the epicentral area. Small earthquake
swarms have occurred elsewhere in the Bear Lake region. Also, it is possible that some of the
pre-1980 earthquakes near the epicenter of the 1988 main shock were part of temporal clusters
that were only partially detected because of a lack of nearby seismograph stations. Note that
the two stations of the regional network located closest to the 1988 main shock were installed
in October 1974 (Bear River Range, Idaho, 30 km WNW) and October 1979 (Black Mountain,
Utah, 20 km E) (see Figure 3-3 and Nava et al., 1990).

Nine days before the 1988 Bear Lake earthquake, an My 2.5 shock occurred 15 km south
of the epicenter of the impending main shock. We do not regard this event as a foreshock
because it occurred well outside the aftershock zone of the main shock (see discussion of
foreshocks to the southern Wasatch Plateau earthquake in Chapter 2 of this report).

EARTHQUAKE LOCATIONS

Deployment of Portable Instruments

Approximately 24 hours after the M| 4.8 Bear Lake earthquake occurred, personnel from
the University of Utah began deployment of five portable analog seismographs with smoked-
paper recorders in the snow-covered epicentral area to augment the station coverage of the per-
manent network (Table 3-1; triangles, Figure 3-5). These stations remained in operatioh
through November 23, 1988. We removed the stations after only 3 days of recording because
an impending storm threatened to bury the instruments under several feet of snow. If this had




TABLE 3 - 1

STATIONS USED FOR MASTER-EVENT RELOCATIONS
OF THE BEAR LAKE EARTHQUAKE SEQUENCE

P-wave
Station Latitude Longitude Elevation Station First Event Last Event
Name N W (m) Correction Recorded (UTC)* Recorded (UTC)*

(sec) Date Time Date Time

LAK M 41°59.09°/111° 25.64" 1890 +07 1120 21:339  11-23 1641
GCU M 41°57.51°/111° 24.68" 1966 +02 1120 21:39 1123 16:41
FHI M  42° 0297 111° 27.46" 2097 +05 1120 21:339  11-23  16:41
SCI M 42°05.81°111° 3099 2073 -12 1120 2323 11-23  16:41
SKI M 41°5822"111° 3249 2219 +05 1120 21:39  11-23  16:41
BEI R 42°07.00 111° 46.94" 1859 +10 11-10 16:36  12-22  20:34
BMUT R 41°5749 111° 14.05" 2243 +07 11-10 16:36  12-22  20:34
HDU R 41°4827 111°4589° 1853 -08 11-10 16:36 12-22 20:34
LSUT R 41°41.09 111° 3345 2225 -03 11-10 16:36  12-22  20:34
LTU R 41°3551’112° 1483 1585 +19 11-10 16:36  12-22  20:34
MCU R 41°27.70 111° 3045’ 2664 +08 11-10 16336  12-22  20:34
PTU R 41°55.76" 112° 19.48° 2192 -15 11-10 16:36 1222 20:34
RSUT R 41°38.31'111°2590° 2682 -15 1110 16:36 1222 20:34
WVUT R 41°36.61'111° 57.55° 1828 +22  11-10 16:36 12-22  20:34

+R = UUSS regional network, M = microearthquake recorder
*From November 10 through December 31, 1988



happened, the instruments would likely have been lost for the winter. The seismometers of the
temporary stations were all high-gain, short-period, vertical-component velocity transducers.

Velocity Model

We computed the earthquake locations for the study using P-wave arrival times and the
one-dimensional velocity model in Table 3-2. As with the other aftershock studies in this
report, we did not use any S-wave arrival times for our relocations because there were no
horizontal-component records from nearby stations to provide reliable S-wave data.

The velocity model used to locate the earthquakes in the study derives from two sources.
The velocities for the uppermost 4 km are adapted from a study by Evans (1991). He gives
generalized velocity information for the Bear Lake region taken from "velocity profiles for
several drll holes and from recommendations of several exploration geophysicists familiar with
the area." The velocity information for the layers below 4 km is adapted from the "Wasatch
Front" model of Bjamason and Pechmann (1989). Their model is a modified version of velo-
city model B of Keller et al. (1975), which was determined from a 245-km-long unreversed
seismic refraction profile that extended from Salt Lake City, Utah, southward along the Basin
and Range-Colorado Plateau transition zone. A search for sonic logs from deep wells in the
region covered by Figure 3-5 proved unsuccessful. We applied elevation corrections to the
observed arrival times using the method explained in Chapter 2 of this report and assuming a
near-surface velocity of 3.0 km/sec.

Station Delays

In order to improve the relative locations of the Bear Lake earthquakes, we used the mas-
ter event technique described in Chapter 2 of this report to calibrate station delays for both the
temporary stations and the nearby permanent stations of the regional network (see Johnson and
Hadley, 1976, and Corbett, 1984). We chose as master events the three largest aftershocks
(1.9 € M, < 2.6), which occurred while the portable stations were operational.

We located these master events with the computer program HYPOINVERSE (Klein,
1978) and the velocity model in Table 3-2. For these initial locations, we set the distance
weighting parameters within the program to give full weight to all of the temporary stations
and to regional network stations within 30 km. Arrival times from the more distant regional
network stations were downweighted with a cosine taper from a weight of one at a distance of
30 km to a weight of zero at a distance of 100 km (see Klein, 1978, and Chapter 2 of this
report).

The station delays were set equal to the median of the travel-time residuals for the master
events (Table 3-1). We then subtracted these station delays, along with the elevation delays,
from the observed arrival times before locating the earthquakes with HYPOINVERSE. In



TABLE 3 - 2

BEAR LAKE VELOCITY MODEL

P-Wave Velocity  Depth to Top

(km/sec) of Layer (km)*
49 0.0
5.8 1.2
5.9 4.0
64 17.6
7.5 28.5
7.9 425

*Datum is 2000 meters above sea level.
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computing the final sets of locations, we used only those stations for which we had determined
a station delay, and we applied no distance weighting. The trial hypocenter for the locations
was the median hypocenter of the master events.

Compilation of Data Set

We used the master event technique to relocate 59 Bear Lake earthquakes that were
recorded by the triggered digital recording system of the regional seismic network. The earth-
quakes selected for relocation (1) had an initial epicenter within 15 km of that of the 1988
main shock, and (2) occurred during the two-year period beginning one year before the main
shock. In addition, we located 98 earthquakes that were recorded on the five portable seismo-
graphs during their three day deployment but were too small to trigger the centralized digital
recording system of the regional network. For most of these 98 earthquakes, we supplemented
the arrival time readings from the portable stations with readings from continuous analog
records of the permanent station at Black Mountain, Utah. Magnitudes were calculated using
the standard procedures described in Nava et al. (1990). Magnitudes and master-event loca-
tions for the 157 Bear Lake earthquakes that we analyzed are listed in the Appendix.

AFTERSHOCK SEQUENCE

Of the 152 aftershocks located in the study, 20 had magnitudes of 2.0 or greater and two
had magnitudes of 3.0 or greater. The largest aftershock was an M; 4.3 event at 20:00 UTC
on November 19, 1988 (18 minutes after the main shock), which was felt in northern Utah and
southeastern Idaho (U.S. Geological Survey, 1988). Of these 152 aftershocks, 72% occurred
during the three-day time period when the portable seismograph stations were operational.
Examination of a plot of magnitude versus time (Figure 3-4) confimms that this apparent con-
centration of activity is in large part due to the improved detection and location threshold dur-
ing those three days. All aftershocks of M, 2 1.8 that were recorded by the temporary stations
were also detected and located independently in the course of the routine analysis of the digital
data from the regional network. Based on this fact, we infer that the magnitude threshold for
uniformly complete detection by the regional seismic network is approximately M. 1.8 in the
Bear Lake region. When only events of M 2 1.8 are considered the frequency of aftershock
occurrence decreases gradually with time after the main shock (Figure 3-4). All but seven of
the locatable aftershocks during the year following the main shock occurring during the 6-week
time period shown in Figure 3-4.

An epicenter map of the master-event locations for the Bear Lake main shock and 111 of
the best-located foreshocks and aftershocks is shown in Figure 3-5. Figure 3-6 shows the
hypocenters of these earthquakes projected onto a vertical plane parallel to the line A-A’ in
Figure 3-5. The locations for all of the earthquakes on these two plots meet the following
selection criteria: (1) maximum azimuthal gap between stations of 180°, (2) minimum of six
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Fig. 3-4. Plot of magnitude versus time for the Bear Lake earthquake sequence from
November 19 through December 31, 1988. This plot includes all earthquakes in the University
of Utah catalog within 15 km of the main shock epicenter, plus additional earthquakes located
in this study (see text). The sample is believed to be complete for M 2 1.8. Small earth-
quakes not recorded on any stations of the permanent network were arbitrarily assigned a mag-
nitude of 0.0, since we do not have a calibrated magnitude scale for use with the portable
instruments.
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Fig. 3-5. Epicenter map of the 112 best-located earthquakes in the Bear Lake sequence
from November 19, 1988, through November 19, 1989. See text for selection criteria. Circles
indicate earthquakes that occurred when the portable stations were operating, and squares indi-
cate earlier and later events. Symbol sizes are scaled by magnitude as shown. Portable analog
seismograph stations (Sprengnether MEQ-800 smoked-paper recorders), deployed during the
period November 20 to 23, 1988, are represented by triangles. The line A-A’ shows the sur-
face projection of the cross-section in Figure 3-6. The NE-SW elongation of the aftershock
zone is an artifact of location error (see text).
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Fig. 3-6. Hypocentral cross-section of the earthquakes in Figure 3-5, taken along line A-
A’ on Figure 3-5. Squares and circles as in Figure 3-5.
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arrival times used for the location, (3) maximum root-mean-square of the weighted travel time
residuals of 0.15 seconds, (4) maximum horizontal standard error of 1.5 km. The circles
represent the earthquakes that took place while there were portable stations operating in the
area. For all but one of these earthquakes, the epicentral distance to the nearest station was
within 5§ km. The squares represent earthquakes that were located with the permanent regional
network stations only, the closest station of which was about 20 km away.

In map view, the epicenters of the best-located Bear Lake earthquakes form a NE-
trending zone 4 km long and 2 km wide (Figure 3-5). Close examination of the data suggest
that the NE trend of the aftershock zone is an artifact of location error. All but one of the epi-
centers west of 111° 28.5’ in Figure 3-5 are for aftershocks that occurred during the first two
days of operation of the five portable stations (Figure 3-7). These epicenters were determined
primarily with the data from the portable stations. Unfortunately, there is some uncertainty in
the clock drift corrections applied to the P-wave arrival time picks obtained for this time period
from station SKI, the only temporary station located SW of the aftershock activity. Because of
this uncertainty, the arrival time picks from the first two days of records at SKI were given a
maximum weight equal to one-half of the full weight. The downweighting of these SKI arrival
times and/or improper clock drift corrections have apparently produced larger scatter in the aft-
ershock epicenters along the azimuth to station SKI than in other directions (Figure 3-5). If
the epicenters computed with the questionable SKI readings are removed from the data set, the
remaining epicenters form a 2-km-wide roughly equidimensional distribution in map view. We
examined other quality-selected subsets of the epicentral data, such as the 18 aftershocks that
were recorded by both the temporary stations and at least two regional network stations. These
other subsets of the data also failed to reveal any distinct azimuthal trends in the aftershock
distribution.

The hypocenters plotted in the cross section shown in Figure 3-6 are distributed in a nar-
row zone ranging in depth from 4 to 16 km. However these data have erz (standard vertical
error) values which average 3.6 km. Selecting those earthquakes with an erz < 3 km results in
a data set of 67 earthquakes in which 92% of the data cluster between depths of 7 and 12 km,
with no discemible trends. Thus, it appears that the dimensions of the Bear Lake aftershock
zone are relatively small, approximately 2 km (length) x 2 km (width) x 5 km (depth). These
dimensions are comparable to the location errors of the hypocenters, which makes it difficult or
impossible to resolve the true shape of the aftershock zone.

MAIN SHOCK FOCAL MECHANISM

We computed a focal mechanism for the 1988 Bear Lake main shock using P-wave first
motion data primarily from the University of Utah seismic network, and velocity models and
procedures described in Bjarnason and Pechmann (1589; Figure 3-8). The Jackson Lake
seismic network in E Idaho and W Wyoming, operated by the U.S. Bureau of Reclamation,
provided added data from stations to the north of the epicenter. The focal depth of 13.8 km
that we computed for the main shock has a rather large standard error of 4.7 km. For this
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Fig. 3-7. Space-time plot of the best-located earthquakes of the 1988 Bear Lake
sequence from Figure 3-5. The space coordinate of the plot is the distance parallel to line A-
A’ on Figure 3-5.
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Fig. 3-8. Focal mechanism for the 1988 Bear Lake earthquake. P-wave first motions are
plotted on a lower hemisphere equal area projection, with compressions shown as solid circles
and dilatations as open circles. Smaller circles indicate readings of lower confidence. The tri-
angles show slip vectors and P and T axes. The preferred nodal planes (one nearly vertical
and one nearly horizontal) are shown by the solid lines. The dashed line shows an alternative
orientation for the shallowly-dipping nodal plane.
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reason, we decided to compute the focal mechanism for a fixed depth of 10 km, the median
depth of the hypocenters with erz < 3 km.

The focal mechanism indicated by the solid nodal planes in Figure 3-8 shows normal
faulting on a fault that is either nearly vertical with a N-S strike or nearly horizontal. The
steeply-dipping nodal plane is well constrained by the first-motion data to have a strike of 2° £
10° and a dip of 88° £ 5°. The other nodal plane has a dip of less than 38°, and perhaps as
small as zero, but a poorly-constrained strike. The dip of this plane can be significantly greater
than zero only if its strike is close to E (dashed nodal plane, Figure 3-8). If the shallowly-
dipping nodal plane is the fault plane, then the sense of motion on this plane could range from
pure normal (solid nodal plane) to almost pure strike-slip (dashed nodal plane). The tension
(T) axis of the focal mechanism plunges moderately to the E or ENE.

DISCUSSION

Hypocentral Resolution

The hypocentral data for the Bear Lake earthquake sequence cannot be easily interpreted,
either because the location accuracy is inadequate to resolve the structure of this relatively
small aftershock zone or because the distribution of the aftershocks was, in fact, diffuse. Our
location accuracy for these earthquakes is not especially good, because the distribution of
seismograph stations with respect to the activity was not ideal. Good hypocentral control
requires high quality arrival time'data from (1) at least one station at an epicentral distance
which is less than the focal depth of the earthquake and (2) several more distant stations which
are well-distributed in azimuth around the earthquake. The nearby stations constrain the focal
depth of the earthquake, while the more distant stations constrain both the origin time and the
epicentral location. Of the five temporary seismograph stations occupied after the main shock,
the locations of four were approximately collinear because of siting constraints. Furthermore,
all of the temporary stations were located within a distance of approximately one focal depth,
resulting in poor epicentral control when these stations provided the bulk of the arrival time
data. Unfortunately, very few aftershocks that occurred during the three-day deployment of the
portable instruments were large enough to be recorded by more than one or two permanent net-
work stations, in addition to the temporary stations.

Tectonic Implications

The focal mechanism for the 1988 Bear Lake earthquake is a rather unusual one. Focal
mechanisms of earthquakes in the Utah-Idaho border region typically show normal or oblique-
normal faulting on northerly-striking planes of moderate dip, although there are many excep-
tions (Jones, 1987; Bjamason and Pechmann, 1989). Of.the three largest instrumentally-




recorded earthquakes in this region, two involved normal faulting on N- to NE-striking planes
with dips between 39° and 48°: the 1962 My 5.7 Cache Valley earthquake (Westaway and
Smith, 1989) and the 1975 M, 6.0 Pocatello Valley earthquake (Bache et al,, 1980). The third
earthquake, the 1934 M 6.6 Hansel Valley earthquake, involved left-lateral strike-slip faulting
on a NE-striking plane with a dip greater than 84° (Doser, 1989). On a worldwide basis, only
a small percentage of normal faulting earthquakes have a focal mechanism with a nodal plane
that dips less than 30°, and for only a few of these earthquakes can the shallowly dipping
plane be shown to be the fault plane (Abers, 1991; Jackson, 1987; Jackson and White, 1989).
For this reason, there is considerable controversy about whether or not the many low-angle
normal faults observed on seismic reflection profiles and in geological studies formed seismo-
genically at their current shallow dip (see, for example, Abers, 1991).

The aftershock locations determined in this study do not provide a reliable means to dis-
tinguish which of the two nodal planes of the focal mechanism for the 1988 Bear Lake earth-
quake is the fault plane. On geologic grounds, there does not appear to be any compelling rea-
son to choose one nodal plane over the other. The geologic cross section of Evans (1991; Fig-
ure 3-2) shows both steeply-dipping and shallowly-dipping normal faults in the hypocentral
region of the earthquake (located 5 to 10 km below sea level just E of 111° 30" on Figure 3-2).
Evans concluded that the 1988 Bear Lake earthquake could have occurred on either the
steeply-dipping normal faults in the hanging wall of the Meade thrust, or on the Meade thrust
itself, which he interprets to have been reactivated as part of the Bear Lake normal fault zone.
Although Evans (1991) states that "slip along the steeply-dipping normal faults is the preferred
solution” (p. 14), he does not explain the reasons for his preference. The available geological
information does provide some basis for rejecting the dashed nodal plane (and similar nodal
planes) as the fault plane, because all of the likely candidate faults in Figure 3-2 strike roughly
N-S.

All of the possible focal mechanism solutions are difficult to reconcile with the regional
stress field inferred from fault slip and focal mechanism data. The inferred stress field has
principal stress axes oriented as follows: axis of minimum compressive principal stress, G4,
horizontal and trending E-W; axis of intermediate principal stress, o,, horizontal and trending
N-§; axis of maximum compressive principal stress, o;, vertical (Bjamason and Pechmann,
1989; Zoback, 1989). The focal mechanism solution shown by the solid nodal planes in Fig-
ure 3-8 is the most consistent with the inferred o, direction, and is therefore our preferred
solution. However, both nodal planes of this focal mechanism are nearly perpendicular to one
of the inferred principal stress axes, and would therefore be expected to have very little shear
stress. The dashed nodal plane in Figure 3-8 has a strike that is nearly parallel to o4, and
therefore the resolved shear stress across this plane should be nearly downdip. But if this
plane is the fault plane, then this resolved shear stress direction would be nearly perpendicular
to its slip vector.
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CONCLUSIONS

1. The 1988 Bear Lake earthquake occurred in a region that had previously been seismi-
cally active and was preceded by an M 2.6 foreshock that occurred 5 minutes before the main

shock.

2 The focal mechanism for the main shock indicates normal faulting, possibly with a
strike-slip component of motion, on either a nearly vertical N-S-striking fault or a shallowly-
dipping fault with a poorly-constrained strike. Regardless of which nodal plane is the fault
plane, this focal mechanism is difficult to understand in the context of the currently accepted
model for the regional stress field.

3. From depths of well-located aftershocks, we infer a focal depth for the main shock of
between 7 and 12 km.

4. In map view, the size of the aftershock zone appears to be 2 km in diameter or less.
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APPENDIX

This appendix contains a listing of the relocated hypocenters determined in this study for
earthquakes associated with the November 19, 1988, ML 4.8 Bear Lake earthquake. This list-
ing includes all earthquakes in the University of Utah catalog which (1) had epicenters within
15 km of the relocated epicenter for the main shock, (2) occurred during the year preceding or
following the main shock, and (3) had at least five P-wave arrival time picks. At the time that
these earthquakes were sorted from the catalog, the catalog was final through 1988 (see Nava
et al., 1990). This appendix also includes some small aftershocks which are not listed in the
catalog. The relocations were done with the computer program HYPOINVERSE (Klein, 1978)
using P-wave arrival times only, the stations and station corrections in Table 3-1, the velocity
model in Table 3-2, elevation corrections calculated using a near-surface velocity of 3.0
kmy/sec, and a trial hypocenter of 42° 0.4’ N, 111° 28.0° W, 10.3 km depth. See text for
further explanation.

The following data are listed for each earthquake:

° Year (YR), date and origin time in Universal Coordinated Time (UTC). Subtract seven
hours to convert to Mountain Standard Time (MST) and six hours to convert to Mountain
Daylight Time (MDT).

e  Earthquake location coordinates in degrees and minutes of north latitude and west longi-
tude, and depth in kilometers. "*" indicates poor depth resolution: no recording stations
within 10 km or twice the depth.

e  MAG, the computed local magnitude (ML) for each earthquake. "W" indicates magnitude
based on peak amplitude measurements from Wood-Anderson records. Otherwise, the
estimate is calculated from signal durations and is more correctly identified as coda mag-
nitude, M . "--" indicates that a reliable magnitude estimate could not be made.

° NO, the number of P readings used in the solution.

° GAP, the largest azimuthal separation in degrees between recording stations used in the
solution.

e  DMN, the epicentral distance in kilometers to the closest station used in the solution.
. RMS, the root-mean-square of the travel-time residuals in seconds:

f 31

£ R

RMS=4—'IZ—(“T}5—»

\ J

where: R; is the observed minus the computed arrival time for the i-th reading, and W is
the relative weight given to the i-th arrival time (0.0 for no weight through 1.0 for full
weight).
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